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Appeal Brief 



Sir: 

Appellants submit this Appeal Brief, appealing from the October 9, 2007 final 
rejection, and the March 06, 2008 Advisory Action, of the Examiner, finally rejecting 
claims 1-19, in the captioned application. The Notice of Appeal was filed on 
February 11, 2008, which contained authorization to charge the "Appeal Fee" to 
Appellants' Deposit Account. 



Real Party in Interest 

GE Healthcare Bio-Sciences AB, formerly known as Amersham Biosciences 
AB, the assignee and owner of the captioned application, is the real party in interest to 
this appeal. 
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Related Appeals and Interferences 

There are no other appeals or interferences related to the instant appeal. 

Status of Claims 

Claims 1-19 are pending in the captioned application and are the only pending 
claims subject to examination before the U.S. Patent and Trademark Office. These 
claims are finally rejected and constitute the claims under appeal. A copy of these 
claims is appended hereto. 

Status of Amendments 

Appellants did not request any amendment after Examiner's final rejection of 
all claims. 

Summary of Claimed Subject Matter 

The instant invention relates to methodology for the production of a cross- 
linked polymeric support useful as a chromatographic matrix, which support exhibits 
a novel multimodal pore structure. Claim 1 is the only independent claim. The 
claimed method uses the principle of atom transfer radical polymerisation (ATRP) in 
an otherwise conventional suspension polymerisation process. First, it is provided an 
organic phase that includes a degradable initiator molecule, one or more radically 
polymerisable monomers and a porogen in a solvent. It is also provided an aqueous 
phase that includes a transition metal catalyst. Next, a suspension of the organic phase 
and the aqueous phase is formed. A suspension polymerisation of the organic phase is 
then started in the aqueous phase, by adding a ligand which co-ordinates to the 
transition metal in the aqueous phase via at least one atom, to produce a cross-linked 



Page 2 of 7 



polymeric support having a primary pore structure and comprising initiator molecules. 
Finally the cross-linked polymeric support obtained is subjected to degrading 
conditions to at least partially remove the initiator molecule from within the support. 
In this way a cross-linked polymeric support is produced which has a secondary pore 
structure in addition to the primary pore structure, (see e.g., page 6, lines 6-20; also 
seepage 15, lines 18-22). 

Grounds of Rejection to be Reviewed on Appeal 

Whether claims 1-19 are properly rejected under 35 U.S. C. § 103(a) as being 
unpatentable over U.S. Patent 5,288,763 (hereinafter Li) in combination with U.S. 
Patent 5,763,548 (hereinafter Matyjaszewski). 

Argument 

Claims 1-19 are not properly rejected under 35 U.S.C. §103(a) as being 
unpatentable over Li in view of Matyjaszewski. 

The Examiner rejected claims 1-19 under 35 U.S.C. § 103(a) as being 
unpatentable over Li in view of Matyjaszewski. Appellants disagree. 

Appellants submit that Li teach processes for preparing porous, polymer 
particles based on a template polymerization technique followed by removal of the 
template polymer from the particles. The Examiner states that although Li do not 
positively teach the template macromolecules can initiate polymerization, the reaction 
can start without any initiator. The Examiner thus is of the opinion that the template 
macromolecule itself initiates polymerization (Final Office Action, paragraph 
bridging pages 2 and 3). 

Appellants submit that Li do not support the Examiner's assertion that 
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"template macromolecule itself initiates a polymerization". Li state that 
polymerization can proceed at elevated temperature in the presence or absence of a 
catalyst (i.e. initiator). They further state that lower temperatures can be employed if 
high energy radiation is applied to initiate polymerization (Li, paragraph bridging 
columns 4 and 5). Appellants submit that it is well understood that polymerization 
starts because of some trigger (i.e. initiator). Therefore, Appellants submit that the 
Examiner's assumption that the template macromolecule itself initiates a 
polymerization is not supported by Li. 

The Examiner then cites Fujimori to show that poly(4-vinylpyridine) greatly 
increases the rate of radical polymerization. The Examiner reasons that because Li 
uses poly(4-vinylpyridine) as a template molecule, and Li teaches that the reaction 
can start even without any initiator, poly(4-vinylpyridine) can represent at least part of 
an initiating system. Appellants respectfully disagree. 

Appellants submit that it is generally known in the field that there are three 
stages at which one can increase the rate of chain polymerization: 1 . at the initiation 
stage; 2. at the propagation step; and 3. at the termination step, i.e. by stopping 
whatever it is that terminates propagation. Appellants submit that Fujimori relates to 
(2), i.e., the propagation step, see e.g., page 204, 2nd sentence under Introduction. 
Fujimori also discusses (3), i.e., how the termination can be retarded, see p. 207. 
Appellants submit that the increased rate of polymerization in Fujimori is not 
connected to the initiation stage at all. The "rate enhancement" discussed of at the 
very last sentence of page 207 is related to propagation and retardation of the 
termination. 

The Examiner apparently disagrees with Appellants' position. In the Advisory 
Action, the Examiner refers to Figure 3 of Fujimori, and states that the figure "shows 
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that the initial rate of polymerization (which represents initiating step) is higher at the 
presence of P4VP/very low amount of traditional initiator AIBN compare to a system, 
where high concentration of AIBN applies". Further, "induction period of the 
polymerization is much shorter in the P4VP/AIBN system". The Examiner therefore 
concludes that "P4VP participates in initiation step of the polymerisation at least as 
co-initiator". 

Appellants do not agree with the Examiner's characterization of Fujimori. 
Appellants first submit that there is no basis at all for a shorter induction period in the 
P4VP/AIBN system as suggested by the Examiner. Appellants further submit that 
Figure 3 does not state that it relates to "initial" rate of polymerization, but rather just 
"rate of polymerization". There is no discussion about how far they allow 
polymerization to proceed before they start measuring the "rate". Figure 3 shows that 
the polymerization rate increases with the concentration of AA and P4VP. However, 
curves (a) and (b) are not comparable, as they have different units for the rate, and 
differences in the AIBN amount as well. In other words, the Examiner's interpretation 
of "very low amount" and "high concentration" of AIBN appears to be subjective. 
More importantly, when Fujimori discuss Figure 3, it's discussed in terms of retarded 
termination and propagation; there is no mention of initiation (page 207). 

The Examiner raised further objections to claim 1 in the Advisory Action. The 
Examiner regards the term "degradable initiator" as fitting to any initiator. The 
Examiner states that, as an example, AIBN is a peroxide, which decomposes during 
the initiation and therefore considered a degradable initiator. The Examiner is of the 
opinion that the limitations of claim 1 is met with any traditional polymerization 
method. 

Appellants submit that the meaning of "degradable initiator" is well defined in 
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the specification. The term "degradable" is defined in on page 5, lines 20-21, as "it is 
possible to remove by chemical or physical degradation thereof. Further, Appellants 
also discussed many times in the specification (and included in claim 1 step (e)) that 
we remove the initiator. Appellants submit that AIBN is not a peroxide, it is an 
azoinitiator which decomposes into 2 fragments that remain covalently anchored into 
the polymer chains. Thus AIBN is not a "degradable" initiator. 

In summary, with regard to claim 1 , Appellants submit that Li fail to teach the 
use of a degradable initiator, or a transition metal catalyst, or a ligand to the transition 
metal catalyst. Fujimori does not remedy any of these deficiencies. 

Matyjaszewski teach a radical polymerization method based on atom transfer 
radical polymerization (ATRP), which provides a high degree of control over the 
polymerization process. The Examiner states that because Matyjaszewski 's polymers 
have a very narrow molecular weight distribution (MWD), it would be obvious to use 
Matyjaszewski 's initiator in Li's process to obtain narrow MWD, and therefore, 
uniform pores in the final chromatographic support. Appellants respectfully disagree. 

Appellants submit that Matyjaszewski teach a process for making 
monodisperse polymer molecules, not particles with multimodal pore structure. While 
Matyjaszewski give a narrow distribution of the MW of the polymer (one of the 
advantages of ATRP), it would not necessarily result in a narrow pore size 
distribution. Appellants submit that even if one were to use Matyjaszewski 's initiator 
in Li's process to obtain narrow MWD polymer, the pore sizes would still be 
dependent on the template. 

Appellants submit that even if the references are combined, i.e. apply ATRP 
directly to Li, the combination would not teach the current method as in claim 1 . As 
discussed above, none of the references teach or disclose the inclusion of a degradable 
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initiator, which is degraded after polymerization to produce a secondary pore 
structure. 

Appellants submit that claim 1 is patentable over the combination of Li and 
Matyjaszewski. Claims 2-19 are dependent claims depending upon claim 1, are 
therefore also patentable over the combination. As such, Appellants respectfully 
submit that the 35 U.S. C. § 103(a) rejection should be withdrawn. 

Appellants respectfully assert that the claims are in allowable form and 
eamestly solicit the allowance of the claims 1-19. 

Conclusion 

In view of the foregoing arguments. Appellants respectfully assert that the 
Examiner's rejections cannot be sustained and should be reversed. 



Respectfully submitted, 




Ygf^ggang Ji 
Registration No.: 53,073 
Agent for Appellants 



GE Healthcare Bio-Sciences Corp. 
800 Centennial Avenue 
P. O. Box 1327 
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CLAIMS APPENDIX 



The Rejected Claims 

Claim 1 (previously presented): A method of producing a cross-linked polymeric 
support having a multimodal pore structure, comprising the steps of: 

(a) providing a degradable initiator molecule; 

(b) providing an organic phase, which comprises said initiator molecule, one or 
more radically polymerisable monomers and a porogen in a solvent, and an 
aqueous phase, which comprises a transition metal catalyst; 

(c) forming a suspension of the organic phase and the aqueous phase; 

(d) starting a suspension polymerisation of the organic phase in the aqueous phase 
by adding a ligand, which co-ordinates to the transition metal in the aqueous 
phase via at least one atom, to produce a cross-linked polymeric support 
having a primary pore structure and comprising initiator molecule; and 

(e) subjecting the support obtained from step (d) to degrading conditions to at 
least partially remove the initiator molecule from within the support to 
produce a cross-linked poljnneric support having a secondary pore structure in 
addition to the primary pore structure. 

Claim 2 (previously presented): The method of claim 1, wherein the initiator molecule 
is a macroinitiator. 

Claim 3 (previously presented): The method of claim 1, wherein step (a) comprises to 
react a compound that comprises at least one hydroxy group, primary amine group or 
secondary amine group with an alfa-haloacyl halide. 



Claim 4 (previously presented): The method of claim 3, wherein a hydroxy-functional 
dendritic polyester is reacted with the alfa-haloacyl halide. 

Claim 5 (previously presented): The method of claim 3, wherein an amino-functional 
dendritic polyamide is reacted with the alfa-haloacyl halide. 

Claim 6 (previously presented): The method of claim 1, wherein in step (d), the 
organic phase comprises up to about 50% of the initiator molecule, calculated as 
weight/weight monomer. 

Claim 7 (previously presented): The method of claim 1, wherein the monomers are 
synthetic mono and/or multifunctional monomers, such as styrene and/or divinyl 
benzene. 

Claim 8 (previously presented): The method of claim 1, wherein the transition metal 
is selected from the group consisting of Cu, Ni, Pd, Ru and Fe. 

Claim 9 (previously presented): The method of claim 1, wherein the ligand comprises 
one or more N, O, P, S or C atoms that co-ordinated to the transition metal to form a 
catalyst system. 

Claim 10 (previously presented): The method of claim 1, wherein the removal 
according to step (e) is performed under basic or acidic conditions. 



Claim 1 1 (previously presented): The method of claim 1, wherein the removal 
according to step (e) is performed by applying an extemal agent. 

Claim 12 (previously presented): The method of claim 1, wherein a cross-linked 
polymeric support is produced comprising one functionality within a primary pore 
structure and one functionality within a secondary pore structure and an additional 
step of selective surface modification of the supports so obtained after step (d) but 
before step (e). 

Claim 13 (previously presented): The method of claim 12, wherein the surface of the 
support obtained from step (d) is modified using conditions that have no essential 
impact on the initiator molecule present in the support. 

Claim 14 (previously presented): The method of claim 1, wherein the secondary pore 
size is controlled by the molecular weight of the initiator molecule. 

Claim 15 (previously presented): The method of claim 1, wherein a cross-linked 
porous polymeric support has been produced. 

Claim 16 (previously presented): The polymeric support of claim 15, comprising one 
or more essentially spherical particles having a diameter of about 10|Lim and 250|Lim, 
wherein the specific surface area is in a range of 150-300 mVg. 

Claim 17 (previously presented): The poljmieric support of claim 15, which is a 
monolith. 



Claim 18 (previously presented): The polymeric support of claim 15, comprising 
functional groups, such as chromatography ligands, coupled to the surface of the 
primary pores and/or the secondary pores. 

Claim 19 (previously presented): The use of the polymeric support of claim 15 as a 
matrix in chromatography. 



EVIDENCE APPENDIX 



Appellants hereby append: 

1) U.S. Patent 5,288,763 to Li and Leong 

2) U.S. Patent 5,763,548 to Matsgaszewski and Wang 

3) Polymer Bulletin, 1983, 9, 204-207 (Fujimori and Trainor) 

These are the evidence relied upon by the Examiner for rejection of appealed claims. 



RELATED PROCEEDINGS APPENDIX 



There are no other appeals or interferences related to the instant appeal. 
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[57] ABSTRACT 

Porous, polymer particles comprising a functionalized 
cross-linked copolymer having microporous regions 
and macroporous regions in the polymer matrix thereof, 
wherein the functional groups are essentially present 
only within the macroporous regions, as well as pro- 
cesses for preparing these particles based on a template 
polymerization technique followed by removal of the 
template polymer from the particles are disclosed. The 
particles of the invention are useful in chromatography, 
and in various analytical, diagnostic techniques and 
solid state peptide, DNA synthesis. 

18 Claims, 6 Drawing Sheets 
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ality to the copolymer surface during polymerization, 
POROUS, POLYMER BEADS AND PROCESS OF followed by removal of the template material. How- 
THEIR PREPARATION ever, all the techniques disclosed in U.S. Pat. No. 

5,047,438 allow the copolymer surface to be modified 
BACKGROUND OF THE INVENTION 5 uniformly. Therefore, the resulting modified (function- 

1. Field of the Invention alized) polymer particles would, for example, not be 
This invention relates to porous, polymer particles suitable for high-resolution chromatography. 

useful in chromatography and in various analytical. Accordingly, a new porous polymer bead which 

diagnostic techniques and solid state peptide, DNA overcome the above problems associated with the prior 

synthesis, as well as to processes for preparing the same art polymer particles is definitely needed. This inven- 

by use of a template polymerization technique. tion addresses such need by providing imiform, macro- 

2. Description of Related Art porous, functionalized polymer particles prepared by a 
Small, uniformly-sized, cross-linked, porous polymer template polymerization technique entirely different 

beads find use as a low-cost, sUble adsorbent in scparat- from the techniques taught in the prior art. 
ing and purifying organic and inorganic materials in- 

eluding polymers and biomolecules. Such beads will SUMMARY OF THE INVENTION 

also find use in chromatographic separation, filtration, j^^s been discovered that porous polymer particles 

gel permeation, and affimty chromatography. Further having desired functionality only in their macroporous 

use can be contemplated as nncrocarners for cell cul- ^ ^^^^^ microporous region can be pre- 

SJSa"" sohd-phase peptide or 20 ^ template polymerization technique in which 

DNA synthesis. Th^ beads should be chemic^dly com- ^^nomers, cross-linkers, and functional monomers hav- 

patible to orgamc solvents over a wide range of pH and j • Jr *• i* i - ^ ■ 

fhould have a desired shape, size, porosity and surface ^''^f'^ functional ty are copolymerized m the prcs- 

*- ^ ence of a template polymer capable of mteractmg with 

Macroporous bead polymers of cross-linked copoly- 25 the desired functionaUty and, after polymerization, the 

mers which contain functionality are, for example, are template polymer is removed with the result that the 

described in J. R. Benson and D. J. Woo, J, Chromato^ desired functional groups are only left m the macropo- 

graphic ScL, 1984, 22, 386. They are prepared by con- ^*ous region of the polymer matnx. 

ventional suspension polymerization. First, a mono- one aspect of the mvention, there is provided po- 

meric material and cross-linkers are suspended as drop- 30 rous, functionalized polymer particles comprising a 

lets in an emulsion (water/a water-immiscible organic cross-linked copolymer having microporous regions 

solvent) with the aid of a surfactant. With the addition and macroporous regions in the polymer matrix thereof, 

of an initiator, polymerization proceeds in the droplets wherein the functional groups are essentially present 

to form gel beads containing the solvent entrapped only within the macroporous regions, 

within the polymeric matrix. The solvent entrapped is 35 In another aspect of the invention, there is provided a 

removed by extraction with a second solvent such as method of preparing porous, functionalized polymer 

benzene, toluene, chloroform, etc., leaving macropores particles which comprises the steps of: 

in the p>olymer matrix. On the other hand, the cross- (a) providing a polymerizable mixture containing a 

linked polymer phase forms micropores in the matrix. functional monomer, a cross-linker, and a template pol- 

Desired functionality is provided on the surface of the 40 ymer, in an aqueous medium to obtain a suspension, the 

polymers by dervatization thereof. However, when the template polymer being capable of forming an ionic or 

polymer is derivatized, functional groups are intro- covalent bond with the functional monomer; 

duced to the polymer surfaces withm micropores as copolymerizing the monomer and the cross-linker 

well as within macropores. Because of the porous na- ^^^j, without a polymerization catalyst in the suspcn- 

ture of the polymer matrix, the denvatization reaction 45 ^j^^ ^ cross-linked copolymer; 

tokes place indiscriminately within any pore structure. ^^ removing the aqueous medium and the template 

Smcc the functional groups in the microporous region polymer from the copolymer to recover porous, func- 

can mteract with analytes, chromatographic separation ^^^^^^^^ j particles, the particles having mac- 

"^il^ kT^'"^" beadsjrepared by the method de- , .^j^^, microporous regions in the poly- 

scribed above is undesirably influenced by such micro- 50 ^ * • Ti. r -l, • r ^ 

pore derivatization. This normaUy leads to ill-defmed "'"^ ^^^'^'^f therein the functional groups are 

^ shapes such as tailing due to different fluid dynam- «sentudly present only within the macroporous re- 

ics in the microporous and macroporous regions. When - „ , ^ 

the beads are used as a solid support in a DNA synthe- These features, as well as the nature, scope and utili- 

sizcr, the chain growth of oligonucleotides can occur in 55 «tion of this invention will become readily apparent to 

the macroporous region as well as in the microporous «>^« ^ the art from the followmg description, the 

region. After several steps of chain elongation, the re- drawings, and the appended claims, 

sultant oligonucleotides would be contaminated by BRIEF DESCRIFTION OF THE DRAWINGS 
unwanted oligomers. 

U.S. Pat. No. 5,047,438 to Feibush and Li describes a 60 FIG- 1 is » graphic illustration of the polymer matrix 

method of preparing porous polymer particles by poly- o^* polymer bead according to the present invention, 

merizing monomers and cross-linkers in the pores of where 1 represents a macroporous space, 2 represents a 

inorganic template particles and by removing the inor- functional group, and 3 represents a cross-linked poly- 

ganic template particles without destruction of the pol- mer phase. 

ymer structure. In this process, the surface of the poly- 65 FIGS. 2-3 are photomicrographs of macroporous 

mer structure can further be modified in various ways poly(vinyl pyridine/divinylbenzene) beads according 

to impart desired functionality. One such technique to the present invention, with FIG. 1 being taken at 

involves bonding a monomer carrying desired function- X 58.5 and FIG. 2 being taken at X 1 15. 
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FIG. 4 is a photomicrograph of the polymer beads 
shown in FIGS. 2-3 at their surface (taken at X555). 

FIG. 5 is a photomicrograph of fragments or cross- 
section of the polymer beads shown in FIGS. 2-3 (taken 
at X172). 

FIG. 6 is a photomicrograph of the bead fragments or 
cross-section shown in FIG. 5 at a higher magnification 
(taken at X780). 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is applicable to any copoly- 
mers based on monomers carrying desired functionality, 
additional monomers, and cross-linkers and prepared 
from the foregoing copolymerizable mixture in the is 
presence of a template polymer in aqueous medium 

Suitable monomers carrying desired functionality 
(herein referred to as "functional monomer") include, 
but not limited to, monoethylenically unsaturated mon- 
omers. Representative of the monomers are vinyl mon- 20 
omers such as vinylpyridine (4-vinylpyridine), vinyl- 
phenol (4-vinylphenol), and vinyl -p-toluene-sulfonic 
acid (4-vinyl-p-toluenesulfonic acid), acrylic acid mon- 
omers such as acrylic acid and methacrylic acid, includ- 
ing methacrylic acid halide. 25 

Suitable template polymers include, but not limited 
to, poly(acrylic acid), poly(vinyl alcohol), and poly(4- 
vinylpyridine), includbig poIy(4-vinyIpyridine-co-sty- 
rene). 

With proper choice of functional monomers and tem- 30 
plate polymers, association between both molecules can 
be accomplished either through an ionic or covalent 
bonding. For example, when vinylpyridine is employed 
as the functional monomer, it is preferred to use poly(a- 
crylic acid) as the template polymer. Carboxylic acid 35 
moieties in the template polymer ionically interact with 
pyridiyl groups of the monomer such that monomer 
molecules align along the backbone structure of the 
template polymer, as shown in the following scheme: 



CH2— CH 



CO2H 



CO2H 



CH2=CH 



CH2=CH 



halide (or methacrylic acid halide) may be used as the 
functional monomer. The monomer can be linked to a 
template polymer having hydroxy! such as polyvinyl 
alcohol by ester formation, as shown in the following 
scheme: 



40 




In the case of monomers with acidic functionalities 
such as carboxylic acid or sulfonic acid, template poly- 
mers carrying basic moieties such as pyridyl can prefer- 
ably be used. Particularly preferred template polymer is 60 
poly(4- vinylpyridine). 

Another form of template association is a covalent 
bonding between the template molecule and the mono- 
mers, where functional groups present in the monomer 
molecule react with reactive groups of the template 65 
polymer to form covalent bonds. Representative of 
such covalent bonds are ester and amide. Thus, where a 
carboxyl group is desired functionality, acrylic acid 



OH 



CH3 O 

OH + CH2sasC C— CI ^ 




Suitable cross-linkers include, but not limited to, divi- 
nylbenzene, divinyltoluenes, divinylxylenes, divinyl- 
naphthalenes, divinylethylbenzene, ethylene glycol di- 
methacrylate, glycidyl methacrylate, pentaerythritol 
trimethacrylate and the polyvinyl ethers of glycol, 
glycerol, pentaerythritol and resorcinol. Particularly 
preferred cross-linkers are polyvinylaromatic hydrocar- 
bons such as divinylbenzene. The cross-linkers are nec- 
essary in the present invention, since an uncross-linked 
polymer may not be strong enough for high-pressure 
chromatographic use. The cross-linking is also responsi- 
ble for making the product polymer particles substan- 
tially insoluble in any solvents, including strong acidic 
or alkaline solution. 

Apart from the use of functional monomers, addi- 
tional monomers can be incorporated into a copolymer- 
ij^able mixture in the present invention. The additional 
monomers may be hydrophobic and carry other func- 
tionality, preferably non-polar. Representative of such 
monomers are stryrene and the derivatives thereof. 

As used herein, the term "macroporous polymers" 
refers to those having "macropores." In the present 
context, the "macropore" means pores of average diam- 
eter about 3.5 to about 10,000 nm. "Micropore" refers 
to pores of average diameter from about 0.10 to about 
3.5 nm. 

The polymer particles of the present invention can be 
prepared by the aqueous suspension polymerization of a 
copolymerizable mixture of a monomer, a cross-linker, 
and, if desired, a second monomer in the presence of a 
template polymer. In the suspension polymerization 
procedure, the various ingredients are thoroughly 
mixed prior to the start of the reaction. While this mix- 
ing of the ingredients can be done in a vessel apart from 
the reaction vessel, for convenience and practical rea- 
sons the mixing of the ingredients is normally con- 
ducted in the polymerization reaction vessel under an 
inert atmosphere, particularly where the monomers 
being employed are subjected to oxidation. 

Polymerization proceeds at an elevated temperature, 
preferably above about 50* C. in the presence or ab- 
sence of a catalyst. Suitable catalysts that can be used in 
the present invention include benzoyl peroxide, diace- 
tylperoxide, and azo-bisisobutyronitiile. The amount of 
catalyst employed is within the range of about 0.005 to 
about 1.00% by weight, based on the weight of the 
monomer being polymerized. In the presence of a cata- 
lyst, the temperature of reaction is maintained above 
that at which the catalyst becomes active. Lower tem- 
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peratures, e.g. about —70* to about 50* C, can be em- 
ployed if high energy radiation is applied to initiate 
polymerization. The monomers and the template poly- 
mer are diluted in an aqueous medium at a level of from 
about 5 to about 50% by weight. Suitable aqueous me- 5 
dium comprises water and a water soluble polymer such 
as poly(vinyl alcohol). 

Proper and sufficient agitation or stirring is required 
throughout the polymerization in order to produce the 
spherical and porous particles of polymer having the 10 
desired size. Thus, the polymerization mixture is agi- 
tated to disperse the monomers in the reaction medium 
by shear action, thereby forming droplets. These drop- 
lets should be of such size that when transformed into 
polymer particles, which are spherical, and porous, the 15 
same will be of the desired size. The polymer particles 
produced in accordance with the present invention 
preferably have a diameter in the range of about 3 to 
about 1000 microns. Various means are available to 
n[iaintain the proper agitation. When polymerization is 20 
conducted in a reactor made of stainless steel, such 
reactor is preferably fitted with a rotatable shaft having 
one or more agitator blades. When a round-bottom flask 
is used as a reactor, an overhead stirrer will agitate the 
reaction medium. The amount of agitation necessary to 25 
obtain the desired results will vary depending upon the 
particular monomers being polymerized, as well as the 
particular polymer particle size desired. Therefore, the 
agitation speed such as the rpm (revolutions per minute) 
must be regulated within certain limits. 30 

Polymerization times varies from about a few hours 
to a few days, depending on the reactivity of the mono- 
mers. After polymerization has proceeded to comple- 
tion, the pKDlymerization mixture is treated with a water- 
miscible solvent such as lower alcohol (methanol or 35 
ethanol) or acetone. The template polymer used can be 
removed from the product polymer by extraction with 
a suitable solvent- For example, if |X)ly(acrylic acid) is 
the template polymer, it can be extracted into an aque- 
ous alkaline solution. If poly(vinyl)pyridine is employed 40 
as the template polymer, aqueous acid solution may be 
used in the extraction. When the template polymer has 
formed a covalent bond with the functional monomer, 
the bond must be cleaved to recover the desired cross- 
linked polymer. If the covalent bond is an ester or amide 45 
linkage, it can be cleaved by alkaline hydrolysis or any 
other means known to one skilled in the art. Thus, the 
template polymer may be extracted into a suitable me- 
dium such as water, aqueous acid or alkaline solution, 
depending upon the reactivity of the particular template 50 
polymer. After the template polymer has been re- 
moved, the product polymer is washed with an appro- 
priate solvent and dried. The dried material is in the 
form of separate round beads or agglomerates of beads. 
Agglomerates, if present, are divided into beads me- 55 
chanically by dispersion in a non-solvent liquid, crush- 
ing or grinding. 

While the cross-linked polymer phase in the polymer 
particle forms micropores, the voids which were once 
occupied by the template polymer molecules and which 60 
have resulted from extraction of the template polymer 
with the appropriate solvent form macropores. Thus, 
there are two distinctive types of pores of different sizes 
in the polymer matrix of the polymer particles of the 
present invention. In order to distinguish between both 65 
pore types, the spaces in which the micropores occupy 
in the polymer matrix are referred to as "microporous 
regions" and the spaces in which the macropores oc- 
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cupy in the polymer matrix are referred to as "macropo- _ 
rous regions." 

After the template polymer molecules have been 
removed from the polymer matrix and the macroporous 
regions are formed, the functional groups originating 
from the functional monomer are populated on the 
surface of pores in the macroporous regions. By con- 
trast, the microporous regions are substantially free 
from incorporation of the functional groups. The for- 
mation of the microporous and macroporous regions in 
the polymer matrix is illustrated in FIG. 1. 

The functionality to be imparted to the cross-linked 
copolymer by the method of the present invention is 
generally polar in nature. A strong acidic group can be 
incorporated in the copolymer by selecting a monomer 
having a sulfonic acid group (e.g., 4-vinyl-p-toluenesul- 
fonic acid) and a matching template polymer (e.g., po- 
ly (4- vinylpyridine). A weakly acidic group can be in- 
corporated in the copolymer by selecting a monomer 
having a carboxylic acid and a matching template poly- 
mer. Alternatively, a carboxylic acid group can be gen- 
erated by hydrolyzing a cross-linked acrylic-ester ver- 
sion (as shown in Scheme 2) of the templated polymer 
particles with a base such as an alkali metal hydroxide 
solution, to form carboxylic acid groups. Primary or 
secondary amino groups can be incorporated into the 
copolymer in a similar manner, providing a weakly 
basic functionality. If the amino group incorporated is 
tertiary, this group will be made into a strongly basic 
moiety by being quartemized with an alkyl halide. 

The cross-linked porous polymer particles of the 
present invention will find an immediate use as an ion 
exchange resin or adsorbent in chromatography. How- 
ever, their utility will not be limited to such use. Rather, 
the particle size, porosity, functionality, and surface 
area will determine the applications for the polymer 
beads of the present invention, and these characteristics 
can be predetermined by selection of the functional 
monomer, template |>olymer, and polymerization condi- 
tions (particularly agitation spaced). Some of the poten- 
tial uses not indicated herein are polymeric reagents and 
catalysts. Accordingly, the present invention provides a 
novel porous polymer particle having a wide variety of 
industrial uses and an equally novel process of making 
such polymer particles. 

The present invention is illustrated by the following 
examples. However, it should be understood that the 
invention is not limited to the details of these examples. 

EXAMPLE 1 

In this example, the following reagents and solvents 
were used: Poly (aery He acid) (PA A) (Aldrich, avg. 
MW 2,000; 250,000; 3,000,000 and 4,000,000); Divinyl- 
benzene (DVB) (Dow Chem. Company, Midland, 
Mich.); 4- Vinyl pyridine 4-VPy) (Aldrich, Milwaukee, 
Wis., b.p. 62*-65* C./15 mm); a,a'-azobisisobutyroni- 
trile (AIBN) (VASO® 67 available from DuPont, 
Wilmington, Del.); Poly(vinyl alcohol) (PVA) (Aid- 
rich, Milwaukee, Wis., MW 85,000-146,000, 98.99% 
hydrolyzed); acetone; methanol. 

In the actual run, a Brinkman reactor or a round 
bottom flask equipped with an overhead stirrer was 
employed. A polymerizable mixture was prepared by 
admixing one part by mole PAA, one part by mole 
4-VPy, one part by mole DVB and 0.5% by weight 
AIBN based on the total weight of the mixture. The 
mixture was filtered to remove any insoluble matter and 
flushed with nitrogen. First, five parts by volume of a 
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2% PVA aqueous solution was charged to the reactor. 
Then, one part by volume of the polymerizable mixture 
was charged to the reactor under stirring while the 
temperature in the reactor was maintained at 80" C. 
Reaction continued at 300-900 rpm for 12 hours. The 5 
polymerized material was washed with water, acetone 
and methanol to provide polymer beads. The beads 
were then extracted successively with acetone, 4N 
NaOH, and methanol in a Parr reactor under continu- 
ous shaking at room temperature for two days. The 10 
beads were dried to provide a 90% yield and tested for 
various physical properties. Under scanning electron 
microscope (SEM), the beads were determined to be 
spherical and to have a particle size of between 50 and 
300 fim. The mechanical stability of the blades was 15 
assessed by packing them in a 150x4.6 mm HPLC 
column under high pressure. Minimal bead fracture was 
observed at a pressure up to 3,000 psi. After soaking the 
beads in IN HCl and 4N HaOH for several days, there 
was neither swelling nor chemical degradation detect- 
able by microscopic observation. 

These and other results are sununarized in Table 1. 



TABLE 1 



Pore size: 


>1 fim (SEM) 


Pore size distribution: 


Uniform (SEM) 


Pore shape: 


Normal (SEM) 


Pore volume: 


1.9 ml/g 


Apparent density: 


0.36 g/ml 


Mechanical stability: 


Excellent 


Swelling resistance: 


Excellent 


Chemical stability: 


Excellent 


Cross-linking degree: 


10-50% 



30 



A further scanning electron microscope (SEM) study 
was undertaken to reveal the pore morphology of the 35 
polymer beads of the present invention. FIGS. 2-3 
clearly show the uniform spherical nature of the beads. 
FIG. 4 shows that the beads have large pores. The 
beads were broken to fragments and the fragments were 
examined for their cross-sectional surfaces under SBM. 40 
FIGS. 5-6 show the porous nature of the interior of the 
beads, where pores and interconnected channels are 
apparent. 

Additionally, a confocal microscope study was un- 
dertaken to better understand how the functional 45 
groups incorporated are distributed within the polymer 
matrix of the beads. For a comparison purpose, polymer 
beads were prepared by polymerizing vinyl pyridine in 
the presence of polystyrene which does not interact 
with the monomer. Polystyrene was employed to pro- 50 
vide the polymer with pores and channels, and did not 
fall within the definition of the template polymer as 
used in the present invention. The thus prepared beads 
as a control were compared with the beads of the pres- 
ent invention using the confocal microscopy. An objec- 55 
tive of this study was to determine how pyridine groups 
differ from those incorporated in the control beads in 
the manner in which they are distributed in the beads. In 
order to locate pyridine groups within the polymer 
structure of beads, a negatively charged fluorescent 60 
dye — Evans Blue — was employed to illuminate pyri- 
dine under a confocal microscope. Thus, both the beads 
of the present invention and the control beads were 
treated with Evans Blue and examined under a confocal 
microscope. 65 

A photomicrograph of the control beads shows that 
blue coloring is spread uniformly in the polymer matrix. 
This indicates that the pyridine groups are present in the 



8 

macroporous region as well as in the microporous re- 
gion with no selective localization in either region. 

A photomicrograph of the beads of the present inven- 
tion shows that blue coloring is confined to pores facing 
the macroporous region in the polymer. This indicates 
that the pyridine groups are located only in the macro- 
porous region, not in the microporous region. 

These various electron microscopy studies of the 
polymer beads of the present invention show the porous 
characteristics of the beads. Moreover, the photographs 
indicate that functional groups incorporated are essen- 
tially present in the macroporous region rather than 
being present in the microporous region. 

The invention now being fully described, it will be 
apparent to one of ordinary skill in the art that many 
changes and modifications can be made without depart- 
ment from the spirit or scope of the invention. 

We claina: 

1. A method of preparing porous, functionalized pol- 
ymer particles which comprises a cross-linked copoly- 
mer having microporous regions and macroporous re- 
gions in the polymer matrix thereof, wherein the func- 
tional groups are essentially present only within the 
macroporous regions, comprising the steps of: 

(a) providing a polymerizable mixture containing a 
functional monomer, a cross-linker and a template 
polymer in an aqueous medium to form a suspen- 
sion, the template polymer being capable of form- 
ing an ionic or covalent bond with the functional 
monomer; 

(b) copolymerizing the monomer and the cross-linker 
with or without a polymerization catalyst in the 
suspension to form a cross-linked copolymer; 

(c) removing the aqueous medium and the template 
polymer from the copolymer to recover porous, 
functionalized polymer particles, the particles hav- 
ing microporous regions and macroporous regions 
in the polymer matrix thereof, wherein the func- 
tional groups are essentially present only within the 
macroporous regions. 

2. The method according to claim 1, wherein the 
functional groups are polar. 

3. The method according to claim 2, wherein the 
polar group is selected from the group consisting of 
hydroxyl, amino, carboxyl, sulfonyl, pyridiyl and phe- 
nol. 

4. The method according to claim 1, wherein the 
functional monomer is a monoethylenically unsaturated 
monomer. 

5. The method according to claim 4, wherein the 
unsaturated monomer is selected from the group con- 
sisting of vinylpyridine, vinylphenol, vinyl-p-toluene- 
sulfonic acid, acrylic acid, methacrylic acid, and meth- 
acrylic acid halide. 

6. The method according to claim 5, wherein the 
unsaturated monomer is vinylpyridine. 

7. The method according to claim 1, wherein the 
template polymer is selected from the group consisting 
of poly(acrylic acid), poly(vinylalcohol), and poly(4- 
vinylpyridine). 

8. The method according to claim 1, wherein the 
functional monomer is vinylpyridine and the template 
polymer is poly (aery lie acid). 

9. The method according to claim 1, wherein the 
functional monomer is methacrylic acid halide and the 
template polymer is polyvinyl alcohol. 
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10. The method according to claim 1, wherein the 
functional monomer is vinyl-p-toluenesulfonic acid and 
the template polymer is poly(4-vinylpyridine)- 

11. The method according to claim 1, wherein in step 5 
(a) the template polymer forms an ionic bond with the 
functional monomer. 

12. The method according to claim 10, wherein in 
step (c) the removal of the template polymer involves 
extraction with an aqueous alkali or acid solution. 

13. The method according to claim 1, wherein in step 
(a) the template polymer forms a covalent bond with 
the fimctional monomer. 

15 
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14. The method according to claim 13, wherein the 
covalent bond is an ester or amido. 

15. The method according to claim 13, wherein in 
step (c) the removal of the template polymer involves 
hydrolysis of the copolymer. 

16. The method according to claim 1, wherein the 
copolymerization is conducted at a temperature of 
above about 50" C. 

17. The method according to claim 16, wherein the 
catalyst is AIBN. 

18. The method according to claim 1, wherein the 
cross-linked copolymer has a crosslinking degree of 
about 10 to about 50%. 
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ABSTRACT 



A new polymerization process (atom transfer radical 
polymerization, or ATRP) based on a redox reaction 
between a transition metal (e.g., Cu(I)/Cu(n), provides 
"living" or controlled radical polymerization of styrene, 
(meA)acrylates, and other radically polymerizable mono- 
mers. Using various single organic halides as model halo- 
gen atom transfer precursors (initiators) and transition m^al 
con^lexes as a model halogen atom transfer promoters 
(catalysts), a "living" radical polymerization affords (co) 
polymers having the predetermined number average 
molecular weight by AIM]/[I]o (up to M„>10^) and a sur- 
prisingly narrow molecular weight distribution (M^JM^), as 
low as 1.15. The partic^>ation of free radical intermediates 
in ATRP is supported by end-group analysis and stereochem- 
istry of the polymerization. In addition, polymers with 
various topologies (e.g., block, random, star, graft, 
hyperbranched, dendritic end-functional and in-chain func- 
tional copolymers [for exan^le, of styrene and methyl 
(meth)acrylate]) have been synthesized using the present 
process. The Polymeric products encompassed by the 
present invention can be widely used as plastics*, elastomers, 
adhesives, emulsifiers, diermopiasttc elastom^ors, etc. 

16 Claims, 14 Drawing Sheets 
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(CO)POLYMERS AND A NOVEL 
POLYMERIZATION PROCESS BASED ON 
ATOM (OR GROUP) TRANSFER RADICAL 
POLYMERIZATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention concerns novel (co)polyiners and a 
novel radical polymerization process based on transition 
metal-mediated atom or group transfer polymerization 
("atom transfer radical polymerization"), 

2. Discussion of the Background 

Living polymerization renders unique possibilities of pre- 
paring a multitude of polymers which are well-defined in 
terms of molecular dimension, polydispersity, topology, 
composition, functionalization and microstnicture. Many 
living systems based on anionic, cationic and several other 
types of initiators have been developed over the past 40 
years (see O. W. Webster, Science, 25U 887 (1991)). 

However, in comparison to olher living systems, living 
radical polymerization represented a po(»iy answered chal- 
lenge prior to the present invention. It was difiScult to control 
the molecular weight and the polydispersity to achieve a 
highly uniform product of desired structure by pricw radical 
polymerization processes. 

On the other hand, radical polymerization offers the 
advantages of being applicable to polymerization of a wide 
variety of commercially important monomers, many of 
which cannot be polymerized by other polymerization pro- 
cesses. Moreover^ it is easier to make random copolymers by 
radical polymerization Hian by other (e.g., ionic) polymer- 
ization processes. Certain blodc copolymers cannot be made 
by other polymmzation processes. Further, radical polymer- 
ization processes can be conducted in bulk, in solution, in 
suspension or in an emulsion, in contrast to other polymer- 
ization processes. 

Thus, a need is strongly felt for a radical polymerization 
process which provides (co)polymers having a predeter- 
mined molecular weight, a narrow molecular weight distri- 
bution (low "polydispersity"), various topologies and 
controlled^ uniform structures. 

Three approaches to pr^>aration of controlled polymers in 
a ^living*' radical process have been described (Greszta et al, 
Macromolecules, 27, 63S (1994)). The first approach 
involves (he situation where growing radicals react revers- 
ibly with scavenging radicals to form oovalent species. The 
second approach involves the situation where growing radi- 
cals react reversibly with covalent species to produce per- 
sistent radicals. The third approach involves the situation 
where growing radicals participate in a degonerativc transfer 
reaction which regenerates the same type of radicals. 

There arc some patents and articles on living/controlled 
radical polymerization. Some of the best-controlled poly- 
mers obtained by "living" radical polymerizatic»i are pre- 
pared with preformed alkoxyamines or are those prepared in 
situ (U.S. Pat. No. 4,581,429; Georges ct al, 
Afacrt?moleciiles, 26, 2987 (1993)). A Co-containing com- 
plex has been used to prepare "living" polyacrylates 
(Wayland, B. B., Pszmik, G., Mukerjee, S. L., Fryd, M. /. 
Am, Oiem, Soc,, 116, 7943 (1994)). A "Uving" poly(vinyl 
acetate) can be prepared using an Al(i-Bu)3: BpyiTEMPO 
initiating system (Mardare et al, Macromolecules, 27, 645 
(1994)). An initiating system based on benzoyl peroxide and 
diromium acetate has been used to conduct the controlled 
radical polymerization of methyl methacrylate and vinyl 
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acetate (Lee et al, J, Chem. Soc. Trans. Faraday Soc. I, 74, 
1726 (1978); Mardare ct al, Polym, Prep, (ACS), 36(1) 
(1995)). 

However, none of these "Living" polymerization systems 

5 include an atom transfer process based on a redox reaction 
witii a transition metal confound. 

One paper describes a redox iniferter system based on 
Ni(0) and benzyl haHdes. However, a very broad and bimo- 
dal molecular weight distribution was obtained, and the 

10 initiator efBciency based on benzyl halides used was < 1 % (T. 
Otsu,T, Tashinori, M. Yoshioka, Chem, Express 1990, 5(10), 
801). This system is similar to the redox initiators developed 
early (Bamford, in Comprehensive Polymer Science. Allen, 
G,, Aggarwal, S. L., Russo, S., eds., Pergamon: Oxford, 
1991. vol. 3, p. 123). in which the small amount of initiating 
radicals were generated by redox reaction between (1) 
RCHX2 or RCX3 (where X=Br, CI) and (2) Ni(0) and other 
transition metals. The reversible deactivation of initiating 
radicals by oxidized Ni is very slow in comparison with 
propagation, resulting in very low initiator efficiency and a 

20 very broad and bimodal molecular weight distribution. 

Another paper describes the polymerization of methyl 
methacrylate, initiated by CCI4 in the presence of RuQs 
(PPh3)3. However, the reaction does not occur without 
methyialuminum bis(2,6-di>tert-butylphenoxLde), added as 

25 an activatcn: (see M. Kato<. M. Kamigaito, M, Sawamioto, T. 
Higashimura, MacromolecuUs, 28, 1721 (1995)), 

Atom transfer radical addition, ATRA, is a Imown method 
for carbon-carbon bond formation in organic synthesis. (For 
reviews of atom transfer methods in organic synthesis, see 

30 (a) Chjrran, D. P. Synthesis, 1988, 489; (b) Curran, D. R in 
Free Radicals in Synthesis and Biology^ Minisci, F., ed., 
Kluwer: Dordrecht, 1989, p. 37; and (c) Curran, D. P. in 
Comprehensive Organic Synthesis^ Trost, B. M., Fleming, I., 
eds., Pergamon: Oxford, 1991, Vol, 4, p. 715.) In a vcay 

35 broad class of ATRA, two types of atom transfer methods 
have been largely developed. One of them is known as atom 
abstraction or hemolytic substitution (see (a) Cuiran et al, /. 
Org, Chem., 1989, 54, 3140; and (b) Curran et al, J, Am, 
Chem, Soc, 1994, 116, 4279), in which a univalent atom 

40 (typically a halogen) or a group (such as SPh or SePh) is 
transferred from a neutral molecule to a radical to form a 
new o-bond and a new radical in accordance with Scheme 
1 below: 

45 Schems 1: 

^ X-I,SePh,OTh,... 

In this respect, iodine atom and the SePh group were 
found to work very well, due to the presence of very weak 
C — and C — SePh bonds towards the reactive radicals 

55 (Curran et al, 7. Org. Chem, and /. Am. Chem, Soc, supra). 
In earlier work, the present inventors have discovered that 
alkyl iodides may induce the degenerative transfer process 
in radical polymerization, leading to a controlled radical 
polymerization of several alkenes. This is consistent with the 

60 fact that alkyl iodides are outstanding iodine atom donors 
that can undergo a fast and reversible transfer in an initiation 
step and degenerative transfer in a propagation step (see 
Gaynor et al, Polym, Prep, (Am. Chem. Soc., Polym. Chem. 
Div.), 1995, 36(1), 467; Wang et al, Polym. Prep. (Am. 

65 Chem- Soc, Polym. Chem Div.), 1995, 36(1), 465). 

Another atom transfer method is promoted by a transition 
metal q>ecies (see (a) Bellus^ D. Pure & AppL Chem. 19SS, 
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57, 1827; (b) Nagashima, H.; Ozaki, N.; Ishii, M.; Seld, K.; 
Washiyama, M.; Itoh, K. J. Org. Chem. 1993, 58, 464; (c) 
Udding, J. H.; Tuijp. K. J. M.; van Zanden. M. N. A.; 
Hiemstra, H.: Speckamp, W. N. /. Org. Chem, 1994, 59, 
1993; (c) Seijas et al. Tetrahedron, 1992, 48(9). 1637; (d) 5 
Nagashima, H.; Wakamatsu, H.; Ozaki, N.; Ishii, T.; 
Watanabe, M.; Tajima, T.; Itoh, K. J. Org, Chem. 1992, 57, 
1682; (e) Hayes. T. IC; ViUani. R.; Weinreb, S. M. J. Am. 
Chem. Soc. 1988, 110, 5533; (f) Hirao et al, Syn. Lett., 1990, 
217; and (g) Hirao et al, /. Synth. Org. Chem. (Japan), 1994, lo 
52(3), 197; (h) Iqbal, J; Bhatia, B.; Nayyar, N. K. Chem. 
Rev., 94, 519 (1994)). In these reactions, a catalytic amount 
of transition metal compound acts as a earner of the halogen 
atom in a redox process, in accordance with FIG. 1. 

Initially, the transition metal species, M abstracts halo- 15 
gen atom X from the organic haUde. R — X. to form the 
oxidized species, M/*^^X. and the carbon-centered radical 
R~. In the subsequent step, the radical, R~, reacts with 
alkene, M. with the formation of the intermediate radical 
species, R — ^M~. The reaction between M/*^^X and R — 
results in the target product. R — M — ^X, and regenerates the 
reduced transition metal species, M", which further reacts 
with R — X and promotes a new redox process. 

The high efficiency of transition metal-catalyzed atom 
transfer reactions in producing the target product, R — M — 
X, in good to excellent yields (often>90%) may suggest that 
the presence of an M "/M/*^* cycle-based redox process can 
effectively conq>ete with the bimolecular termination reac- 
tions between radicals (see Curran, Synthesis, in Free Radi- 
cals in Synthesis and Biology^ and in Comprehensive 
Organic Synthesis, supra). 

It is difficult to control the molecular wei^t and the 
polydispersity (molecular weight distribution) of polymers 
produced by radical polymerization. Thus, it is often difficult 
to achieve a highly umfoim and w^-defined product It is 
also often difficult to control radical polymerization pro> 
cesses with the degree of certainty necessary in specialized 
£q>plications, such as in the preparation of end functional 
polymers, block copolymers, star (co)polymcTS etc. Further, ^ 
although several initiating systems have been reported fca: 
"Uving'VcontroUed polymerization, no general pathway or 
process for **livlng**/contro]led polymerization has been dis- 
covered. 

Thus, a need is strongly felt for a radical polymerization 45 
process which provides (co)pol3rmcrs having a predictable 
molecular weight and a narrow molecular weight distribu- 
tion (low "polydispersity"). A further need is strongly felt for 
a radical polymerization process w^iich is sufficientiy flex- 
ible to provide a wide variety of products, but whidi can be ^ 
controlled to the degree necessary to provide higihiy uniform 
products with a controlled structure (i.e., controllable 
topology, composition, stereoregulaiity, etc.), many of 
which are suitable for highly specialized uses (sudi as 
thermoplastic elastomers, end-functional polymiers for 55 
chain-extended polyurethanes, polyesters aiul polyamides, 
dispersants for polymer blends, etc.). 

SUMMARY OF THE INVENTION 

Accordingly, one object of the present invention is to 60 
provide a novel metiiod for radical polymerization of alk- 
ene s based on atom transfer radical polymerization (ATRP), 
which provides a high degree of control over the polymer- 
ization process. 

A further object of the present invention is to provide a 65 
novel method for radical polymerization of alkenes based on 
atom transfer radical polymerization (ATRP), which leads to 



more unifcnn and more highly controllable products (which 
are now obtainable only by living ionic polymerization 
methods). 

A further object of the present invention is to provide a 
broad variety of novel (co)polymers having more uniform 
properties than those obtained by conventional radical poly- 
merization. 

These and other objects of the present invention, which 
will be readily understood in the context of the following 
detailed description of the preferred embodiments, have 
been provided in part by a novel process of atom (or group) 
radical transfer polymerization, which comprises the steps 
of: 

polymerizing one or more radically polymerizable mono- 
mers in the presence of an initiator having a radically 
transferable atom or group, a transition metal com- 
pound and a ligand to form a (co)polymer, the transition 
metal con[q>ound having a formula M and the 

ligand being any N — , O — , P — or S — containing 
compound which can coordinate in a o-bond or any 
carbon-containing compound which can coordinate in a 
7C-bond to the transition metal, such that direct (i.e., 
covalent) bonds between the transition metal and grow- 
ing polymer radicals are not fcraied, and 

isolating the formed (co)polymCT; and, in part, by novel 
(co)polymers prepared by atom (or group) radical 
transfer polymerization, 

BRIEF DESCRIPnON OF THE FIGURES 

FIG. 1 shows an atom transfer method in which a catalytic 
amount of transition metal catalyst acts as a carrier of the 
halogen atom in a redox process; 

FIG. 2 shows a scheme for "living*Vcontrolled radical 
polymerization based on a succession of atom transfer 
radical additions; 

FIG. 3 is a graph of the kinetics of methyl acrylate 
("MA'*) bulk polymeaization at 130° C initiated with 
1-phenylethyl chloride in the presence of Cu(I)Cl (1 equiv.) 
and b^yridine (Bpy; 3 equiv.); 

FIG. 4 is a grs^h showing that the experimental molecular 
weight, M„js£:c^ increases with monomo- conversion; 

FIG. 5 is a graph showing that the experimental molecular 
weight, M^ ssc- miatches the theoretical molecular weight, 
M^^f^. and plotting the poiydiq>ersity, M,/M„, as a function 
of monomer conversion; 

FIG. 6 shows the correlation of the experimental molecu- 
lar weights, M„jg^c: tbe theoretical molecular weights, 
Mfwtfc* for a series of bulk ATRP' s of MA carried out at 130** 
C. using various monomer/initiator molar ratios and a con- 
stant ligand/catalyst/initiator molar ratio of 3/1/1; 

FIG. 7 show the NMR spectra of PSt prepared at 130° 
C. using 2-chloropropionitrile as an initiator, in the presence 
of 1 molar equiv. of CuQ and 3 molar equiv. of Bpy; 

FIGS. 8A and 8B compare the ^^C NMR spectra of the 
C=0 group and the quaternary carbon atom of PMMA 
prepared at 100^ C. using methyl 2-bromoisobutyrate C*2- 
MiBBr"), CuBr and Bpy in a 1/1/3 molar ratio (FIG. 8A), 
and of FMMA prepared using a classic radical initiator, 
AIBN (FIG. 8B); 

FIG. 9 shows the kinetic plots of the ATRP of three typical 
monomers (styrene, "St", methyl acrylate, **MA'', and 
m^yl methacrylate, '*MMA") using the VIB 1-PECl/ 
Cud/Bpy initiator system* under the same experimental 
conditions (in bulk, at 130° C.); 

FIGS. It and 11 are grq>hs comparing the experimental 
molecular weight, M^^^, with tiie theoretical molecular 
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weight, M„^^, and plotting the polydispersity, M,/M„, as a 
function of monomer conversion when X=X'=C1 ("CI 
ATRP"; FIG, 10) and when X=X*=Br ("Br ATRP"; FIG. 11); 

FIGS. 12A-C show plots of \n(k^^ vs. lii([l-PEa]o), 
hiik/^n vs. hi([CuCllo), and Mk^^) vs ln([Bpy]o for St 
ATRP in bulk at 130^ C; 

FIGS. 13A-C are graphs showing the effects of fCuCIJo 
on the initiator efficiency and the molecular weight distri- 
bution for St ATRP in bulk at 130° C; 

FIGS. 14A-B are graphs dem^onstrating similar results for 
MA ATRP; 

FIG. 15 is a scheme showing an overall two-electron 
change in which Ca(I)Cl cleaves a carbon-halogen bond to 
generate a Cu(III) species, followed by ins^on of the 
alkene into the carbon-cqpper(in) a-bond and halogen 
ligand transfer (reductive elimination); 

FIG. 16 shows a putative insertion process; 

FIG. 17 shows a putative process involving metal coor- 
dinated radicals; and 

FIGS. ISA and 18B ^ow two different mechanisms for 
the generation of free radicals by reacting an organic halide 
with a transition metal oon^und* Involving either halogen 
atom transfer (FIG. ISA) or outer-sphere electron transfer 
(FIG. ISB). 

DESCRIPTION OF THE DEFERRED 
EMBODIMENTS 

The present Inventors conceptualized that (1) the organic 
halide R — M, — X resulting from an ATRA reaction is suf- 
ficiently reactive towards the transition metal M" and (2) 
alkene monomer is in excess, a number or sequence of atom 
transfer radical additions (Le., a possible "Hving'Vcontrolled 
radical polymerization) may occur, as is shown In FIG. 2. 

By analogy to ATRA, the present Inventors have termed 
this new class of radical polymerization "atom (or group) 
transfer radical polymerization" (or "ATRP")^ which 
describes the involvement of (1) the atom or group transfer 
pathway and (2) a radical intermediate. 

Living/controlled polymerization (i.e., when chain break- 
ing reactions such as transfer and termination are substan- 
tially absent) enables control of various parameters of mac- 
romolecular structure such as molecular weight, molecular 
weight distribution and terminal functionalities. It also 
allows tfie preparation of various copolymers, induding 
block and star copolymers. living/controlled radical poly- 
merization requires a low stationary concentration of 
radicals, in equilibrium with various dormant species. 

The present invention describes use of novel initiating 
systems leading to living/controlled radical polymerization. 
The initiation system is based on the reversible formation of 
growing radicals in a redox reaction between various tran- 
sition metal con^unds and an initiator exemplified by (but 
not Umited to) alkyl halides; aralkyl halides or haloalkyl 
esters. Using 1-phenylethyl chloride (1-PECl) as a model 
initiator. CuCl as a model catalyst and bipyridine (Bpy) as 
a model ligand, a "living** radical bulk polymerization of 
styrene at 130° C affcards the predicted molecular weight up 
to M„» 10^ with a narrow molecular wei^t distribution (e.g.^ 
MJM„<1.5). 

A key factor in the present invention is to achieve rapid 
exchange betwera growing radicals present at low stationary 
concentrations (in flie range of from ICT* mol/L to 10"* 
moVL, preferably 10~® mol/L to ID"* molA.) and dormant 
chains present at higher concentrations (typically in the 
range 10"^ mol/L to 1 mol/L, preferably 10"^ mol/L to 10"^ 



mol/L). It may be desirable to "match'* the initiator/catalyst/ 
ligand system and monomer(s) such that these concentration 
ranges are achieved. 

Although these concentration ranges are not essential to 

5 conducting polymaization, certain disadvantageous effects 
may result if the concentration ranges are exceeded- For 
example, if the concentration of growing radicals exceeds 
10"^ mol/L. there may be too many active species in the 
reaction, which may lead to an undesirable Increase in the 
rate of side reactions (e.g., radical-radical quenching, radical 
abstraction from species other than the catalyst system, etc.). 
If the concentration of growing radicals is less than 10"^ 
mol/L, the rate may be undesirably slow. 

Similarly, If the concentration of dormant chains is less 

j2 than 10"^ mol/L, the molecular weight of the [uroduct 
polymo: may increase dramatically, thus leading to a poten- 
tial loss of control of the polydispersity of the product. On 
the other hand, if the concentration of dormant species is 
greater than 1 mo2/L, the molecular weight of the product 

2Q may become too snudL and the properties erf the product 
may more closely resemble the properties of oligomers. For 
exan^le, in bulk, a concentration of dormant chains of about 
10"^ mol/L provides product having a molecular weight of 
about 100.000 g/mol. However, a concentration of d(»mant 

^ chains exceeding IM leads to formation of (roughly) 
decameric products. 

The various initiating systems of the present invention 
work fcH: any radically polymerizable alkene, including 
(meti))acrylate8, styrenes and dienes. It also provides various 

30 controlled copolymers, including block, random, gradient, 
star, graft or "comb^** hyperfaranched and dendritic (co) 
polymers. In the present apf^cation, **(co)polymer** refers to 
a homopolymer, copolymer, or mixture thereof.) Similar 
systems have been used previously in organic synthesis, but 

35 have not t>een refined to allow the pr<^>aration of well- 
defined macromolecular compounds. 

In the present invention, any radically polymerizable 
alkene can serve as a monomer for polymerization. 
However, monomers suitable for polymerization in the 

40 present method include those of the formula: 

c=c 

« 

wherein R^ and R^ are independentiy selected fircan the 
group consisting of H, halogen. CN, CF3, straight or 
branched alkyl of from 1 to 20 carbon atoms (preferably 

50 from 1 to 6 carbon atoms, more preferably fi-om 1 to 4 
carbon atoms), a,p-unsaturated straight or branched alkenyl 
or alkynyl of 2 to 10 carbon atoms (preferably from 2 to 6 
carbon atoms, more preferably firom 2 to 4 carbon atoms). 
a,p-unsaturated straight or branched alkenyl of 2 to 6 carbon 

55 atoms (preferably vinyl) substituted (preferably at the 
a-position, with a halogen (preferably chlorine), Cj-Cg 
cydoalkyL, phenyl whidi may optionally have from 1 to 5 
substituents on the phenyl ring selected from the group 
consisting of C^^-alkyl, Cj^-alkenyi (preferably vinyl), 

eo Ci.6-alkynyl (preferably acetylenyl), Ci^-alkoxy, halogen, 
nitro, carboxy, Ci.6-alkoxycaibonyl, hydroxy protected with 
a Ci_6-acyl, cyano and phenyl, hetercydyl, C(=Y)R*, 
C(=Y)NR*^'^ and YC(=Y)R«, where Y may be NR^ or O 
(preferably O), is alkyl of from 1 to 20 carbon atoms, 

65 alkoxy of from 1 to 20 carbon atoms, aryloxy or 
heterocyclyloxy, R^ and R^ are ind^endentiy H or allQrl of 
from 1 to 20 carbon atoms, or R^ and R^ may be joined 
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together to fOTm an aUQFlene group of from 2 to 5 carbon 
atoms, thus forming a 3- to 6-membered ring* and Is H. 
straight or branched C1-C20 alkyl or aryi; and 

and R^ are independently selected from the group 
consisting of H, halogen (preferably fluorine or 5 
chlorine), Ci-Cg (preferably C^) alkyl and COOR^ 
(where R^ is H, an alkali metal, or a Cj-C^j alkyl 
group); or 

R^ and R^ may be joined to form a group of the formula 
(CH2)„' (which may be substituted with from 1 to 2n' 10 
halogen atoms or C1-C4 allQ^l groups) or C(=0) — 
Y — C(==0), where n' is from 2 to 6 (preferably 3 or 4) 
and Y is as defined above; and 

at least two of R\ R^. R^ and R^ are H or halogen. 

In the context of ttie present application, the terms 15 
"alkyr, "alkenyr and "alkynyl" refer to straight-diain car 
l^anched groups (except for Ci and C2 groups). 

Furthermore, in the present application, "aryl" refers to 
phenyl, naphthyl. phenanthryl, phenalenyU anthracenyl. 
triphenylenyL fluoranthe nyl, pyreny 1, pentacenyl, chryseny 1 . 20 
naphthacenyl, hexaphenyl, picenyl and perylenyl 
(preferably phenyl and naphthyl), in which each hydrogen 
atom may be replaced with alkyl of from 1 to 20 carbon 
atomis (preferably from 1 to 6 carbon atoms and more 
prefCTably methyl), alkyl of from 1 to 20 carbon atoms 25 
(preferably from 1 to 6 carbon atoms and more preferably 
methyl) in which each of the hydrogen atoms is indepen- 
dently replaced by a halide (preferably a fluoride or a 
chloride)* alkenyl of from 2 to 20 carbon atoms* alkynyl of 
from 1 to 20 carbon atoms, alkoxy of from 1 to 6 carbon 30 
atoms, alkylthio of from 1 to 6 carbon atoms, C^-Cs 
cycloalkyl, phenyl, halogen, NHj, Cli-Ce-alkylamino, 
Ci-Cg-diallQrlamino, and phenyl which may be substituted 
with from 1 to 5 halogen atoms and/or Ci-C^ alkyl groups. 
CThis definition of "aryl" also applies to the aryl groups in 35 
"aryloxy'* and "aralkyl.") Thus, phenyl may be substituted 
from 1 to 5 times and nqjhthyl may be substituted from 1 to 
7 times (preferably, any aryl group, if substituted, is substi- 
tuted from 1 to 3 times) with one of the above substituents. 
More preferably, "aryl" refers to phenyl, naphthyl, phenyl 40 
substituted from 1 to 5 times with fluorine or chlorine, and 
phenyl substituted from 1 to 3 times with a substituent 
selected from the group consisting of alkyl of from 1 to 6 
carbon atoms, alkoxy of from 1 to 4 carbon atoms and 
phenyl. Most preferably* "aryl" refors to phenyL. tolyl and 43 
m^oxyj^enyl. 

In the context of the present invention, ^iieterocyclyr 
refers to pyridyl, furyl, pyrrolyl, thienyi, imidazolyl, 
pyrazolyl. pyrazinyl, pyrimidinyl, pyridsi^nyl, pyranyl, 
IndolyL isoindolyl, indazolyl, benzofuryl, isobenzofiuyl, 50 
benzothienyl, isobenzothienyl, chromcnyl, xanthenyl, 
purinyl, pteridinyl, quinolyl, isoquinolyl. phthalazinyl, 
quinazoUnyl, quinoxalinyU niQ>hthyridinyl, phenoxathiinyl, 
carbazolyl, cinnolinyl, phenanthridinyl, acridinyl, 1,10- 
phenanthrolinyl, phenazinyl, phenoxazinyU phenothiazinyl, 55 
oxazolyl, thiazolyl, isoxazolyl, isothiazolyl, and hydroge- 
nated forms thereof known to those in the art. Preferred 
heterocyclyl groups include pyridyl, furyl, pyrrolyl, thienyi, 
imidazolyl, pyrazolyl, pyrazinyl, pyrimidinyl, pyridazinyl, 
pyranyl and indolyl, the most preferred heterocyclyl group 60 
being pyridyl. Accordingly, suitable vinyl heterocycles to be 
used as a monomer in the present invention include 2- vinyl 
pyridine, 6- vinyl pyridine, 2-vinyl pyrrole, 5-vinyl pyrrole, 
2-vinyI oxazole, 5-vinyl oxazole, 2-vinyl thiazole, 5-vinyl 
duazole, 2-vinyl imidazole, 5-vinyl imidazole, 3-vinyl 6S 
pyrazole, 5-vinyl pytazole, 3-vinyl pyridazine, 6-vinyl 
pyridazine« 3-vinyl isoxazole, 3-vinyl isothiazoles, 2-vinyl 



pyrimidine. 4-vinyl pyrimidine, 6-vinyl pyriraddine, and any 
vinyl pyrazine, the most preferred being 2-vinyl pyridine. 
The vinyl heterocycles mentioned above may bear one or 
more (preferably 1 or 2) Ci-C^ alkyl or alkoxy groups, 
cyano groups, ester groups or halogen atoms, either on the 
vinyl group or the heterocyclyl group, but preferably on the 
heterocyclyl group. Further, those vinyl heterocycles which, 
when unsubstituted, contain an N — group may be pro- 
tected at that positicMi with a conventional blocking or 
protecting group, such as a Ci-C^ alkyl group, a tris-Ci-Cg 
alkylsilyl group, an acyl group of the formula R^^CO (where 
R*^^ is alkyl of from 1 to 20 carbon atoms, in whidi each of 
the hydrogen atoms nciay be indq>endently replaced by 
halide Ipref a*aldy fluoride or chloride]), alkenyl of from 2 to 
20 carixMi atoms (preferably vinyl), all^nyl of from 2 to 10 
carbon atoms (preferably acetylenyl), |rfienyl which may be 
substituted with from 1 to 5 halogen atoms or alkyl groups 
of from 1 to 4 carbon atoms, or aralkyl (aryl-substituted 
alkyl, in which the aryl group is phenyl or substituted phenyl 
and the alkyl group is from 1 to 6 carbon atoms), etc. This 
definition of 'tieterocyclyl" also applies to the heterocyclyl 
groups in "hetorocyclyloxy'* and **heterocycUc ring.") 

More specifically, preferred monomers include (meth) 
acrylate esters of C1-C20' alcohols, acrylonitriie, cyanoacy- 
late esters of Cj-Cjo alcohols, didehydromalonate diesters 
of Ci-Cfi alcohols, vinyl pyridines, vinyl N — Ci-C^- 
alkylpycrcdes, vinyl oxazoles, vinyl thiazoles, vinyl pyrim- 
idines and vinyl imidazoles^ vinyl ketones in which tiiie 
a-carbon atom of the alkyl groiq) does not bear a hydrogen 
atom (e.g., vinyl Ci-Cg-alkyl ketones in which both 
a-hydrogens are replaced with Ci-C^ alkyl, halogen, etc., or 
a vinyl phenyl ketone in which the phenyl may be substi- 
tuted with from 1 to 5 C^-Cg -alkyl groups and/or halogen 
atoms), and styrenes which may bear a Cj-Ce-alkyl group 
on the vinyl moiety (preferably at the a-carbon atom) and 
from 1 to 5 (preferably from 1 to 3) substituents on the 
phenyl ring selected from the group consisting of Cj-C^- 
alkyl, Ci^6-aLkenyl (preferably vinyl), Ci-C^-alkynyl 
(preferably acetylenyl), Ci-Cg-alkoxy, halogen, nitro, 
carboxy, Ci-C^-alkoxycarbonyl, hydroxy protected with a 
Ci-Cg acyl, cyano and phenyl. The most preferred mono- 
mers are methyl acrylate (MA), methyl methacrylate 
(MMA), butyl acrylate (BA), 2-ethylhexyl acrylate (EHA), 
acrylonitriie (AN) and styrene. 

Suitable initiators indude those of the formula: 

R"R"R"C— X 

where 

X is selected from the group consisting of CL Br, L OR^^ 
(as defined above), SR^'^, SeR*^, OC(=0>R^*, 
0P(=O)R*^, 0P(=0)(0R*^)2, OP(=0)OR^^ O— N 
(K^% and S— CX=S)N(R^^)2, where R^'* is aryl co: a 
straight or brandied Ci-C^o (preferably Ci-Cjo) all^l 
group, or where an N(R^^)2 group is present, the two 
R*^ groups may be joined to form a 5-, 6- or 
7-membered heterocyclic ring (in accordance with the 
definition of 'lieterocyclyl" above); and 

1^11 j^i 2 gjj^ j^i3 ^^^^ ind^)endently selected from the 
group consisting of H, halogen, C1-C20 alkyl 
(preferably C^-Cio alkyl and more preferably C^-C^ 
alkyl), Cs-Cs cycloalkyl, C(=Y)R', C(==Y)NR*R^ 
(wh^e R^-R'' are as defined above), COCL OH 
(prefetaUy only «ie of R^\ R" and R^^ is OH) , CN, 
C2-C20 alkenyl or alkynyl (preferably C^-Ce alkenyl or 
alkynyl, and more preferably vinyl), oxiranyl, glycidyl, 
aryl, heterocycdyl, aralkyl, aralkenyl (aryl-substituted 
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alkenyi, where aryl is as defined above, and alkenyl is 
vinyl which may be substituted with one or two C1-C5 
alkyl groups and/or halogen atoms [preferably 
chlorine]), C^-Cg alkyl in which from 1 to all of the 
hydrogen atoms (preferably 1) are replaced with halo- 5 
gen (preferably fluorine or chlorine where 1 or more 
hydrogen atoms are replaced, and preferably fluorine, 
chlorine or bromine where 1 hydrogen atom is 
replaced) and C^-C^ alkyl substituted with from 1 to 3 
substituents preferably 1) selected from the group con- 10 
sisting of C^-C^ alkoxy, aryL heterocycM, C(=Y)R^ 
where is as defined above) C(==Y)NtrB7 (where 
and R' are as defined above), oxiranyl and glycidyl; 
such that no more than two of R^\ R^^ and R^^ are H 
(preferably no more than one of Rj 1, R^^ and R^^ is H). 15 
In the present initiator, X is preferably CI or Br, 
Cl-containing initiators generally provide (1) a slower reac- 
tion rate and (2) higher product polydispersity than the 
corresponding Br-containing initiators. Thus, a 
Br-containing initiator is most preferred. 20 

When an alkyl, cycloalkyl, or alky 1- substituted aryl group 
is selected for one of R*\ R^^, and R^^, the alkyl group may 
be further substituted with an X group as defined above. 
Thus, it is possible for the initiator to serve as a starting 
molecule for branch or star (co)poiymers. One exan^le of 25 
such an iniUator is a 2^-bis(halom!^yi)-l«3-dihalof»Y>pane 
(e.g., 2,2-bis(chloromethyl>13-dichlcM:opropane, 2^-bis 
(bromomethyl)-13-ditn:omopropane)^ and a preferred 
example is where one of R^^, R*^ and R*^ is phenyl 
substituted with from one to five C^-C^ alkyl substituents, 30 
each of which may independently be further substituted with 
a X group (e.g., a,a'-dibax)moxylene, hexakis(a-chloro- or 
a-bromomethy l)benzene) . 

Preferred initiators include 1-phenylethyl chloride and 

1- phenylethyl bromide (e.g., where R^^=Ph, R^^CHg, 35 
R^^=H and X=C1 or Br), chloroform, carbon tetrachloride. 

2- diloiropropionitrile, Ci-Cg-alkyl esters of a 2-halo-Ci-C^- 
carboxylic acid (such as 2-chloropropionic acid, 
2-bromopropionic acid, 2-chloroisobutyric acid, 
2-bromoisobutyric acid, etc.) and compounds of the formula 40 
C^jXCH2Y)y, where V is Q or Br, x+y^ and y^ 1. Motc 
preferred initiators include 1-phenylethyl chloride, 

1- phenyl^yl bromide, methyl 2-chlc»xipr<^ionate, etfayl 

2- chloropropionate, methyl 2-bromopropionate, ethyl 
2-bromoisobutyrate, a,a'-dichloroxylene, a, a*- 45 
dibromoxylene and hexafcis(a-'bromomethyl)benzene. 

Any transition metal con^>ound which can participate in 
a redox cycle with the initiator and dormant polymer chain, 
but which does not form a direct carbon-metal bond with the 
polymer chain, is suitable for use in the present invention. 50 
Preferred transition metal compounds are those of the for- 
mula M where: 

M^'*' may be selected from the group consisting of Cu^"*", 
Cu=^^, Fe^^, Fe=^, Ru^^, Ru^^, Cr'^, Cr^, Mo^, Mo^, Mo^^, 
Mo^, W^^ W^, Rh^, Rh''^, Co\ Co^\ Re^^, Re^, Ni° 55 
Ni^, Mn^, Mn^, V^, V^^ Zn^, Zn^, Au+, Au^^ Ag^ and 

is selected from the group consisting of halogen, 
Ci-C5-alfcoxy, (SO^)!^, (HPOa)u2^ (H2PO4), 

triflate, hexafluCH:<^osphate, metfaanesulfonate, arylsul- 60 
fonate (preferably benzenesulfonatb or toluenesulfonate), 
ScR*'*, CN and R^^COj, where R^'* is as defined above and 
R^^ is H CO* a straight or branched all^l group 

(prefeiably methyl) which may be substituted from 1 to 5 
tunes with a halogen (preferably 1 to 3 times with fluorine 6S 
or chlorine); and 
n is the formal charge on the metal (e.g., 0^n^7). 



Suitable Hgands for use in the present inventioD include 
ligands having one or more nitrogen, oxygen, phosphorus 
and/or sulfur atoms which can coordinate to the transition 
metal through a o-bond, ligands containing two or more 
carbon atoms which can coordinate to the transition metal 
through a TC-bond, and ligands which can coordinate to the 
transition metal through a ^-bond or a i)-bond. However, 
preferred N-, O, P- and S- containing ligands may have one 
of the following formulas: 

where: 

R^^ and R^^ are independently selected from the group 
consisting of H, Cj-Cjo alkyl, aryl, heterocyclyl, and 
Ci-Ce allsyl substituted with Ci-C^ alkoxy, C^-C^ 
dialkylamino, C(=y)R^ C(==Y)R*%L^ and YC(=Y) 
R®, where Y, R^, R^, R'^ and R* arc as defined above; 
or 

R^* and R^'' can be joined to form a saturated, unsaturated 
or heterocyclic ring as described above for the "het- 
erocyclyl" group; 

Z is O, S, NR^® or PR^^ , where R^^ is selected from the 
same group as R^^ and R^'^, 

each R^° is independently a divalent group selected from 
the group consisting of C3-C4 alkylene (alkanediyl) 
and C2-C4 aikenylene where the covalent bonds to 
each Z are at vicinal positions (e.g.< in a 1,2- 
arrangement) or at p-positions e,g., in a 1,3- 
airangement), and from C3-Cg cydoalkanediyl, Cj-Cg 
cycloalkenediyl, arenediyl and heterocyclylene where 
the covalent bonds to each Z are at vicinal positions; 
and 

m is from 1 to 6. 

In addition to the above ligands, each of R^* — Z and 
R^^ — Z can form a ring with the R^^ group to which the Z 
is bound to form a linked or fused heterocyclic ring system 
(such as is described above for "heterocyclyl'*)- 
Alternatively, when R*** and/or R" are hrtcrocydlyl, Z can 
be a covalent bond (which may be single or double), CH^ or 
a 4- to 7-membered ring fused to R^* and/or R*', in addition 
to the definitions given above far Z, Ex^nplary ring systems 
for the present ligand include bipyridine, bipyrrole, 1,10- 
phenanthroline, a cryptand, a crown ether, etc. 

Where Z is PR^^, R^^ can also be Ci^jo-alkoxy. 

Also included as suitable ligands in the present invention 
are CO (carbon monoxide), pori^yrins and porphycenes, the 
latter two of which may be substimted with from 1 to 6 
(preferably from 1 to 4) halogen atoms, Ci-C^ sdkyl groups, 
Ci-Cfi-alkoxy groups, C^-C^ alkoxycarbonyl, aryl groups, 
heterocyclyl groups, and C^-C^ aUcyl groups further substi- 
tuted with from 1 to 3 halogens. 

Further ligands suitable for use in the present invention 
include compcxinds of the formula R^=^^C(C(=Y)R^)^, 
whm Y and R^ are as defined above, and eadi of R^ and 
R^^ is independently selected from the group consisting of 
H, halogen, C1-C20 alkyl, aryl and heterocyclyl, and R^ and 
R^* may be joined to form a Cs-Cg cycloalkyl ring or a 
hydrogenated (i.e., reduced, non-aromatic or partially or 
fiilly saturated) aromatic or heterocyclic ring (consistent 
with the definitions of "aryl" and "heterocyciyr' above), any 
of whidi (except for H and halogen) may be further substi- 
tuted with 1 to 5 and preferably 1 to 3 C^-C^ alkyl groups, 
Cj-Cfi alkoxy groups, halogen atonds and/or aryl groups. 
Preferably, one of R^ and R^^ is H or a negative charge. 
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Additional suitable ligands include, for example, ethyl- a solvent is used, suitable solvents include ethers, cyclic 

enediamine and propylenediamine* both of which may be ethers, Cj-C^q alkanes, C^-Cg cycloaOcanes which may be 

substituted from one to four times on the amino nitrogen substituted with from 1 to 3 Ci-C4 alkyl groups, aromatic 

atom with a C^-C^ alkyl group or a carboxymethyl group; hydrocarbon solvents, halogenated hydrocarbon solvents, 

aminoethanol and aminopropanol, both of which may be 5 acetonitiile, dimethylformamide, mixtures of such solvents, 

substituted from one to three times on the oxygen and/or supercritical solvents (sudi as CO^. C1-C4 alkanes in 

nitrogen atom with a C1-C4 alkyl group; ethylene glycol and ^jji^h any H may be replaced witii R etc.). The present 

propylene glycol, both of which may be substituted one or polymerization may also be conducted in accordance with 

^o times on the oxygen atoms witii a C.-C^ alkyl group; suspension, emulsion and precipitation polymeriza- 

diglyme, tnglyme, tetraglyme, etc. oroces^s 

Suitable carbon-based ligands include arenes (as o i^t *w • 1 j j ^1. r 1 

described above for tiie "aryl" group) and the cyclopenta- ^ J"^^^^?^ ^^^'f '"^^"^^^^'^P^"^**? ?i /^"^^ 

dienyl Ugand. Preferred carbon-bas^ ligands include ben- R'^OR'^ ^ which each of and is independently an 

zene (which may be substituted with from one to six C,-^:^ }■ ^^'^ ^^^^ w**^^ ^ 

alkyl groups [e.g., methyll) and cyciopentadienyl (which ^"^^ subsUtuted with a C^-C^-alkoxy group, ^cferably, 

may be substituted with from one to five methyl groups, or when one of R and R is methyl, the other of R and R 

which may be linked through an ethylene or propylene chain 4 to 6 carbon atoms or Ci-C4-alkoxyethyl. 

to a second cyciopentadienyl ligand). Where tiie cyclopen- Examples include diethyl ether, ethyl propyl etiier, dipropyl 

tadienyl ligand is used, it may not be necessary to include a ether, methyl t-butyl ether, di-t-butyl ether, glyme 

counteranion (X*) in the transition metal compound. (dimethoxyethane) diglyme (diethylene glycol dimethyl 

Prefeixed ligands include unsubstituted and substituted 20 ether), etc. 

pyridines and bipyridines (where the substituted pyridines Suitable cyclic ethers include THF and dioxane. Suitable 

and bipyridines are as described above for "heterocyclyr"), aromatic hydrocarbon solvents include benzene, toluene, 

acetonitrile, (R^^O)3P, PR ^^3, 1,10-phenanthroline, o-xylene, m-xylene, p-xylene and any isomer or mixture of 

porphyrin, cryptands such as K222 and crown ethers such as isomers of cumene. Suitable halogenated hydrocarbon sol- 

18-crown-6. The most preferred ligands are ^pyridine and 25 vents include CH2CI2* 1,2-dichloroethane and benzene sub- 

(R'^^0)3p. stituted from 1 to 6 times with fluorine and/or chlorine. 

In the present polymerization, the amounts and relative although one should ensure that the selected halogenated 

prcpoitions of initiator, transition metal compound and hydrocaibon solvenf<s) does not act as an initiator under the 

ligand are those effective to conduct ATRE Initiator effi- reaction conditions. 

ciencies with the present initiator/transition metal 30 Keys to controlling the polymerization reaction may 

compound/ligand system are generally very good (at least include (1) matching the reactivity of the groups in the 

50%, preferably^ 80%, more preferably ^90%). initiator (R", R", and R^^) with the group(s) on the 

Accordingly, the amount of initiator can be selected such monomer (R^-R'*), and (2) matching the energetics of bond 

that the initiator concentration is from 10"^M to IM, pref- breaking and bond forming in donuant species (e.g., dor- 

erably 10~^-10~^M. Alternatively, the initiator can be 35 mant polymer chains) and transition metal species (as dis- 

present in a molar ratio of from 10"^: 1 to 10"^ :1, preferably cussed elsewhere in the specification). Matching the reac- 

from 10~^:1 to 5xl0~^:l, relative to monomer. An initiator tivities of the initiator with the monomo- depends to some 

concentration of 0.1- IM is particularly useful for preparing degree on the radical stabilizing effects of the substituents. 

end-functional polymers. Thus, where the monomer is a simple alkene or halogenated 

The molar profxirtion of transition metal compound rela- 40 alkene (e.g.. ethylene, propylene, vinyl chloride, etc.), one 

tive to initiator is generally Ifaat which is effective to may select an alkyl halide initiator (e.g., where two or three 

polymerize the selected monomer(s), but may be from of R^\ R*^ and R*^ are Ci-Cg alkyl). On the other hand, if 

0.(X)01:1 to 10:1, preferably from 0.1:1 to 5:1, more pref- one wishes to polymerize an arene- or ester-stabilized mono- 

erably from 03:1 to 2:1, and most preferably from 0.9:1 to raer (e.g., a (meth)acrylate, acrylonitrile or styrene), one 

1.1:1. Conducting the polymerization in a homogeneous 45 may select an initiator which is stabilized by a similar group 

system may peimit reducing the concentration of transition (wherein one of R^^, R^^ and R^^ is aiyL heterocyclyl, 

metal and ligand such that the molar proportion of transition alkoxycaibonyl, CN, carboxyamido [C(=0)NR^^], etc.). 

metal compound to initiator is as low as 0.001:1. Such "matching" of substituents on the initiator and mono- 

Similarly, the molar proportion of ligand relative to tran- mer provides a beneficial balance of the relative reactivities 

sition metal compound is generally that which is effective to 50 of the initiator and monomer. 

polymerize the selected monomer(s), but can depend upon Preferably, the monomer, initiator, transition metal com- 
the number of coordination sites on tiie transition metal pound and ligand are selected such that the rate of initiation 
compound which the selected ligand will occupy. (One of is not less than 1.000 times (preferably not less than 100 
ordinary skill understands the number of coordination sites times) slower than the rate of propagation and/cH: transfer of 
on a given transition metal compound which a selected 55 the X group to the polymer radical. (In the present 
Hgand will occupy.) The amount of ligand naay be selected appUcation, **propagation'* refers to the reaction of a poly- 
such that the ratio of (a) coordination sites on the transition mer radical with a monomer to form a polymer-monomer 
metal confound to (b) coordination sites whidi the ligand adduct radicals.) 

will occupy is from 0.1:1 to 1(X):1, preferably from 0,2:1 to The present polymerization may be conducted in bulk, in 

10: 1, more preferably from 0.5: 1 to 3: 1, and most preferably 6G the gas phase (e.g., by passing the monomer in the gas phase 

from 0.8:1 to 2:1. However, as is also known in the art, it is ovex a bed of the catalyst which has been previously 

possible for a solvent or for a monomer to act as a ligand. contacted with the initiator and Hgand), in a sealed vessel or 

For the purposes of this ^>plication, a monomer is treated as in an autoclave. Polymerizing may be conducted at a tem- 

being (a) distinct from and (b) not inciuded within the scope perature of from -78° to 200°, preferaWy from O"" to 160° 

of the ligand* 65 and most preferably from 80"^ to 140°. The reaction should 

The present polymuerization may be conducted in the be conducted for a leng^ of time sufficient to convert at least 

absence of solvent (**bulk- polymerization). However, when 10% (preferably at least 50%, more preferably at least 75% 
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and most preferably at least 90%) of the monomer to 
polymer. Typically, the reaction time will be from several 
minutes to 5 days, preferably from 30 minutes to 3 days^ and 
most pref^bly from 1 to 24 hours. Polyncierizing may be 
conducted at a pressure of &c»ii 0.1 to 100 atmospheres, 
preferably from 1 to 50 atmospheres and most preferably 
from 1 to 10 atmospheres (although the pressure may not l>e 
measurable directly if conducted in a sealed vessel). 

One may also conduct a **reverse" ATRP. in which the 
transition metal compound is in its oxidized state, and the 
polymerization is initiated by, for example, a radical initiator 
such as azobis(isobutyromtrile) ("AIBN"), a peroxide such 
as benzoyl peroxide (BPO) or a peroxy acid such as per- 
oxyacetic acid or peroxybenzoic acid. The radical initiator is 
believed to initiate "reverse'* ATRP in the following fashion: 

I— I ^21 

I + My^iX« ^ ^ I— X + WX^i 



I+M ^I— M 

I— M + MA*^X„ ^ ^ I— M— X + 



I— M + nM 

I— M^i + MT^X, ^ ^ I— M«+i— X + M/*X^i 



where *T* is the initiator. M/^„_i is the transition metal 
conopound, M is the monomer* and I — M — and M/*X^i 
participate in "conventional" or 'farward** ATRP in the 
manner described above. 

After the polymerizing step is con^lete, the formed 
polymier is isolated. The isolating step of the present process 
is conducted by known procedures, and may con^xdse 
precipitating in a suitable solvent, filtering &e precipitated 
polymer, washing the polymer and drying the polymer. 

Prec^)itatLon can be typically conducted using a suitable 
Cf-Cg-alkane or Cs-Cs-cydoalkane solvent, such as pen- 
tane hexane, heptane, cyclohexane or mineral spirits, or 
using a Ci— Cg-alcohol. such as methanol, ethanol or 
isoprc^anoL or any mixture of suitable solvents. Preferably, 
the solvent for precipitating is hexane, mixtures of hexanes, 
OT methanol. 

The precipitated (co)polymer can be filtered by gravity or 
by vacuum filtration^ in accordance with known methods 
(e.g. using a Biichner funnel and an aspirator). The polymex 
can then be washed with the solvent used to precipitate tiie 
polymer, if desired. The steps of precipitating^ filtering and 
washing may be repeated, as desired. 

Once isolated, the (co)polymer may be dried by drawing 
air through the (co)poiymer. by vacuum, etc., in acccHdance 
with known methods (preferably by vacuum). The present 
(co)polymer may be analyzed and/or charactoized by size 
exclusion chromatograj^y, in accc«:dance with known pro- 
cedures. 

Polymers produced by the present process may be useful 
in general as molding materials (e.g., polystyrene 
containers) and as barrier or surface materials (e.g., poly 
(methyl methacrylate), or PMMA, is well-known in this 
regard as PLEXIGLAS''**). However, the polymers pro- 
duced by the present process, which typically will have more 
uniform properties than polymers produced by conventional 
radical polymmzation, will be most suitable for use in 
specialized applications. 
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For exanq>le. block copolymers of polystyrene and poly- 
acrylate e.g., PSt-PA-PSt triblock copolymers) are usefril 
thermoplastic elastomers Poly (methyl methacrylate) 
poly acrylate triblock copolymers (e.g., PMMA-PA-PMMA) 

5 are useful, fully acrylic thermoplastic elastomers. Homo- 
and copolymers of styrene, (meth)acrylates and/or acryloni- 
trile are useful plastics, elastomers and adhesives. Either 
block or random copolymers of styrene and a (melh)acrylate 
or acrylonitrile may be useful thermoplastic elastomers 
having high solvent resistance. 

Furthermore, block copolymi^s in which the blocks alter- 
nate between polar monomers and non-polar monomers 
produced by the present invention are useful amphiphilic 
surfactants or dispersants for making highly uniform poly- 
mer blends. Star polymers produced by the present process 

^5 are useful high-impact (co)polymers. (For example, 
STYROLUX™. and anionically-polyraerized styrene- 
butadiene star block copolymer, is a known, useful high- 
iirpact copolymer.) 

The (co)polymers of the present invention may have a 

20 number average molecular weight of from 1.000 to 500,0(X) 
g/mol, preferably of from 2,000 to 250,000 g/mol, and more 
prefCTably of from 3,000 to 200,000 g/moL When produced 
in bulk, the number average molecular weight may be up to 
1,(X)0,000 (with the same minimum wei^ts as mentioned 

25 above). The number average molecular weight may be 
determined by size exclusion chromatogr^hy (SEC) or, 
when the initiator has a group which can be easily distin- 
guished from the monomer(s) by NMR spectroscopy (e.g., 
when 1-phenylethyl chloride is the initiator and methyl 
methacrylate is the monomer) 

Thus, the present invention also encompasses novel 
block, multi-block, star, gradient, random hyperbranched 
and dendritic copolymers, as well as graft or "comb" copoly- 
mers. Each of the these difiFeient types of copolymers will be 
described hereunder. 

35 Because ATRP is a "living'* polymerization, it can be 
started and stopped, practically at will. Further, the polymer 
product retains the functional group "X" necessary to initiate 
a further polymerization. Thus, in one embodiment, once the 
first monomer is consumed in the initial polymerizing step, 

40 a second monomer can then be added to form a second block 
on the growing polymer chain in a second polymerizing 
step. Additional polymerizations with the same or different 
monomer(s) can be performed to prepare multi-block 
copolymers. 

45 Furthermore, since ATRP is radical polymerization, 
blocks can be prepared in essentially any order. One is not 
necessarily limited to preparing block copolymers where the 
sequential polymerizing steps must flow from the least 
stabilized polymer intermediate to the most stabilized poly- 
mer intermediate, such as is necessary in ionic polymeriza- 

^ tion. (However, as is described thrcnighout die ^splication, 
certain advantageous reaction design choices will become 
apparent. However, one is not limited to those advantageous 
reaction design choices in the present invention.) Thus, one 
can pr^>are a multi-block cqpolym^ in which a polyaciy- 
Ionise or a poly(meth)acrylate block is prq>ared firsts then 
a styrene or butadiene block is attached thereto, etc. 

Furthermore, a linking group is not necessary to join the 
different blocks of the present block copolymer. One can 
simply add successive monomers to form successive blocks. 

60 Further, it is also possible (and in some cases advantageous) 
to first isolate a (co)polymer produced by the present ATRP 
process, then react the polymer with an additional monomer 
using a different initiator/catalyst system (to * 'match" the 
reactivity of the growing polymer chain with the new 

65 monomer). In sudi a case, the product polymer acts as the 
new initiator for the further polymerization of the additional 
monomer. 
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Thus, the present invention also encompasses block Preferably, at least one of and has the formula 

copolyma-s of the formula: 



\ / 

c=c 



R"R^^R^^C— (M%— (M')^— (M^X— X 5 
R"R"R"C— <M%— <M"),— (M^X— . . , — (M»),— X 

wherein R^^. R^^ and X are as defined above; M\ M^ 
M^. ... up to M" are each a radically polymerizable 
monomer (as defined above) selected such that the mono- 
mers in adjacent blocks are not identical (although mono- lO 
mers in non-adjacent blocks may be identical) and p, r, . 
. . up to s are independently selected such that the number 
average molecular w^ght of each block is from 1,(X)0 to 
250.(XX) g/mol. After an appropriate end group conversion 
reaction (conducted In accordance with known m^ods) « X 15 
may also be, for exanq>le, H, OH, N3, NHj, COOH or 
CONH2. 

Where the R^^R^^R^^C group of the initiator contains a 
second "X'' group, the block copolymers may have one of 
the following formulas: 

X— <M%— <M%— <R"R^2R^^C>-<M%— <M^)q— X 

x-<m^),--<m2),-HM»v-<R"R"R"c)~{^ 

X-<Mn.~- . . . --(M»),-<M^),-(M')p— R"R"R"C— (M'X>-MM^-<M^X— - • - —Q^X- 



wherein at least one of R^ and R^ is CN, CF3, straight or 
branched alkyl of from 4 to 20 carbon atoms 
(preferably from 4 to 10 carbon atoms, more preferably 
from 4 to 8 carbon atoms), Cj-Cg cycloalkyl, aryl, 
heterocyclyl, C(=Y)R^, C(=Y)NR^' and YC(=Y) 
R^, where aryl, heterocyclyl, Y, R', R*, R'' and R® are 
as defined above; and 
R^ and R"^ are as defined above; or 
R^ and R^ are joined to form a group of the formula 

C(=0) — Y — C(=0), where Y is as defined above 
More preferred monomers for the present (co)polymer 
include styrene, acrylonitrile, Ci-Cg esters of (meth)acrylic 
acid and 1,1-diphenyl^ylene. 



wherein R^^ R^^ R^\ X, M\ M^. up to M", and p, 

r, . . . up to s are as defined above. 

The present invention is also useful for making essentially 
random copolymers. By "essentially random" copolymers, 
the copolymers are as close to statistically random as is 
possible under radical polymerization conditions. The 
present AFRP process is particularly useful for producing 
random copolymers where one of the monomers has one or 35 
two bulky substituents (e.g., 1,1-diarylethylene, didehydro- 
malonate C^-Cjo diesters, C1-C20 diesters of maleic or 
fumaric acid, maleic anhydride and/or maleic diimides 
[where Y is NR® as defined above], etcJ) , from which 
homopolym^s may be difficult to prqpare, due to steric ^ 
considerations. Thus, the present invention also concerns a 
random copolymer of the formula: 



R" R'^R^'C— (M»— M=>^— (M*— M*)^— CM"— M*)^- 
— (M^'—M^,— X 



45 
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(R"R"R>*C)— {(M'— M^)^— (M^— M^),-^'— M^)^— . . . 
— (M^-^MIOJ— X 

where R^, R^^ R^^ and X are as defined for the block 
copolymer above, and are different radically- 
polymerizable monomers (as defined above), and is one 
of and and is the other of and M^. However, 
p, q, r, . . . up to s are independently selected such that the 
number average molecular weight of the copolymer is from ^ 
1,000 to 1,000,000 g/mol, preferably from 2,000 to 250,000, 
and more preferably from 3,000 to 150,000 g/mol. The ratio 
of (1) the total number of **blocks** of statistically random 
units to (2) the total numbor of monomo: units is preferably 
at least 1:5, more preferably at least 1:8, and most preferably 65 
at least 1:10. The present random cop<dymer can also s^ve 
as a block in any of the present block copolymers. 



The present invention is also useful for forming so-caOed 
"star'' polymers and copolymers. Thus, where the initiator 
has three or more "X'* groups, each of the **X" groups can 
serve as a polymerization initiation site. Thus, the present 
invention also encompasses star (co)polymers of the for- 
mula: 

(R"'R*2'R"'C)— t(M*)^— XL 
(R"'R'^'R"*C)— f(M%— (M^),— X]^ 
(R":R"R"'C)^(M»)p--(M2>,-H>i^>r--XL 
^n"Ri2^i3'C)_^(M%--(M=),--<M'),— . . . -.(M-).--X]. 

where R^^', R"', andR^^ are the same as R^\ R^^ andR*^ 
with the proviso that R^^ , R^^ and R^^" combined 
contain from 2 to 5 X groups; X is as defined for the 
block copolymer above; M^, M^, M^, . . . M** are as 
defined above for the present block copolymers; and z 
is fr<Hn 3 to 6. 
Initiator suitable for use in preparing the present star 
copolymers are those in which the R^^R^^R^^C group pos- 
sesses at least two substituents which can be **xr (as defined 
above). I^eferably* these substituents are identical to ^^X". 
Examples of such initiatars include chloroform caibon 
tctochlodde, [insext examples from above]. Preferred ini- 
tiators of this type include 2,2-bis(chloromethyl)-l,3- 
dichloropropane, 2 ,2-bis(bromomethyl)- 1,3- 
dibromopropane), a,a',a**-trichloro- and a,a',a"- 
tribromocumene, and hexakis(a-chloro- and 
a-bromomethyl)benzene); the most preferred being hexakis 
( a-bromomethyl)benzene . 

In the present copolymers, eadi of the blocks may have a 
number average molecular weight in accordance with the 
homopolymers described above. Thus, the present copoly- 
mers may have a molecular weight which corresponds to the 
number of blocks (or in the case of star polymers, the 
number of branches times the number eft blocks) times the 
number average molecular weight range for each block. 

The present invention also encon^uisscs graft or ^oomb** 
copolymers, prepared by sequential ATRP^s. Thus, a (co) 
polymer is produced by a first ATRP, in wtiidi at least one 
of tine monomers has a R^-R"^ substituent which is encom- 
passed by the description of the "X" group above. Preferably 
this substituent is CI or Br. Examples of preferred monomers 
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would thus include vinyl chloride, 1- or 2- chloropropene, 
vinyl bromide, 1,1- or l^-dichloro- or ditffomoethene, 
trichloro- or tribromoethylene, tetrachloro- or 
tetrabromoethylene. chloroprene, 1-chlorobutadiene, 1- or 
2-broinodutadiene, etc. More preferred monomers conclude 5 
vinyl chloride, vinyl bromide and chloroprene. It may be 
necessary to hydrogenate (by known methods) a (co) 
polymer produced in the first ATRP of chloroprene prior to 
the second ATRP, using the polymer [MToduced by the first 
ATRP as the initiator 

Gradient or tapered copolymers can be produced using 
ATRP by controlling the proportion of two or more mono- 
mers being added. For example, one can prepare a first block 
or a oligomer) of a first monomer, then a mixture of the first 
monomer and a second, distinct monomer can be added in 
proportions of from, for example, 1 : 1 to 9: 1 of first monomer 
to second monomer. After conversion of all monomer(s) is 
complete, sequential additions of first monomer-second 
monomers mixtures can provide subsequent "blocks*' in 
which the proportions of first monomer to second monomer 
vary. Thus, the present invention also encompasses a 20 
copolymer of the formula: 

R"R"Ri3c— (M^^l^i,)— (M^^rf)— <M*^/)— 

where R*^, R^^ and X are as defined for the block 25 
copolymer above, and are different radicaUy- 
polymedzable monomers (as defined above)<, and a, b, c, d, 
e, f , . . . up to g and h are non-negative numbers indepen- 
dently selected such that a-H>=c+d^lOO; and any or all of 
(e+f), (g+h) and (i4-j)=100 or 0, wherein the a:b ratio is from 30 
100:0 to 0:100, the c:d ratio is firom 95.5 to 5:95 (jM-eferably 
firom 90:10 to 10:90), such that c<a and d>b, and where 
^pUcabie, the e:f ratio is fi-om 90:10 to 10:90 (preferably 
firom 80:20 to 20:80) such that e<c and ft>d, and depending 
on the number of blocks, the endpoints of the molar ratio 35 
ranges of first monomer to second monomer in successive 
blocks may progressively decrease or increase by 5 
(preferably by 10) such that the e:f ratio is from 5:95 to 95:5 
(preferably firom 10:90 to 90:10), such that e^tc and f?td, and 
the i:j ratio is firom 0:100 to 100:0, such that i^&e and j?£f . 40 

Preferably, the propcxttons of first and second monomers 
in subsequent "blocks** vary by at least 10% (e,g,, c=^10 
and b=d±10), preferably by at least 20%, up to 50%, firom 
the preceding blo<^ In a further embodiment, the relative 
proportions of first monomer to second monomer can be 45 
controlled in a continuous manner, using for exanq>le a 
programmable syringe or feedstock supply pun^. 

When either the initiator or monomer contains a substitu- 
ent bearing a remote (i,e., unconjugated) ethylene or acety- 
lene moiety, ATRP can be used to prepare cross-linked 50 
polymers and copolymers. 

Polymers and copol3rmers produced by the present pro- 
cess have surprisingly low polydispersity fca: (co)polymers 
produced by radical polymerization. T^ically, the ratio of 
the weight average molecular weight to number average 55 
molecular weight '*M^,/M„*') is ^1.5, preferably ^1.4, and 
can be as low as 1.10 or less. 

Because the **Hving^' (co)polym£3' chains retain an initia- 
tor fragment including X or X" as an end group, or in one 
embodiments as a substituent in a monomelic unit of the 60 
polymer diain, they may be considered end-functional or 
in-chain functional (co)polymers. Such (co)polymers may 
be used directly or be converted to other functional groups 
for further reactions, including crosslinking, chain 
extension, reactive injection molding (RIM), and prepara- 65 
tion of other types of polymers (such as polyurethanes, 
polytmides, etc.). 



The present invention provides the following advantages: 

A larger number and wider variety of monomers can be 
polymerized by radical polymerization, relative to ionic 
and other chain polymerizations; 

Polymers and copolymers produced by the present pro- 
cess exhibit a low pcdydispo-sity (e.g., M„/M^^1.5, 
preferably ^1.4, more preferably ^1.25, and most 
preferably, ^1.10), thus ensuring a greater degree of 
uniformity in the (co)polymer properties; 

One can select an initiator which provides an end group 
having the same structure as the repeating polymer 
units (l-phenylethyl chloride as initiator and styrene as 
monomer); 

The present process provides high conversion of mono- 
mer and high initiator efficiency; 

The present process exhibits excellent **living'* character, 
thus facilitating die prq^aration of block copolymers 
which cannot be prepared by ionic processes; 

Polymers produced by the present process are well- 
defined and highly uniform, comparable to polymers 
produced by living ionic polymerization; 

End-functional initiators (e.g., containing COOH, OH. 
N02- etc., groups) can be used to fwovide an end- 
functional polymer in one pot; 

The end functionality of the (co)polymers produced by 
the present process (e.g., O, Br, I, CN, CO^R) can be 
easily converted to other functional groups (e,g., CI, Br 
and I can be converted to OH or NH2 hy known 
processes, and CN cm* COjR can be hydrolyzed to form 
a carboxylic acid by known fa-ocesses), thus facilitating 
their use in chain extension processes (e.g., to form 
long- chain polyamides, polyurethanes and/or 
polyesters); and 

In some cases (e.g., where "X** is CI, Br and I), the end 
functionality of the polymers produced by tiie present 
process can be reduced by known methods to provide 
end groups having the same structure as the rq>eating 
polymer units. 

Hereinbelow, studies conducted by the present Inventus 
on ATRP to investigate the various parameters which affect 
ATRP will be described Exenq>laiy experimental protocols 
will foDow. 

A number of commercially available alkyl halides, R — X, 
combined widi CuCDX'/Bpy, where X=X'=C1 or Br, can be 
used as efficient model initiator systems for the atom transfer 
radical polymerization (ATRP) of styrene, (meth)acrylates 
and other radically polymcrizable monomers. The effects of 
various parameters in ATRP wiQ be discussed hereinbelow 
to provide guidance as to the efficient control of radical 
polymerization . 

Atom Transfer Radical Polymerization of Styrene and 
(Meth)acrylates Initiated widi an Alkyl Halide, R — X, and in 
the Presence of CuX, Complexed by 2,2'-Bipyridine. Using 
1-phenylethyl chloride (hereinafter "l-PECl") as an 
initiator^ one molar equivalent of Cu(I)Cl as a catalyst, and 
three molar equivalents of 2,2*~bipyridine (hereinafter 
"Bpy") as a ligand (both equivalents of catalyst and ligand 
being relative to 1-PECi) in a model system, the so-called 
atom transf^ radical pdymerizatioB (ATRP) of serene 
(hereinafter ''St'*) proceeds in a 'living^ fashion at OO"" C. 
Similarly* using various 1:1:3 R— X:CuX':Bpy initiator 
systons, die atom transfer radical polymerization of styrene 
and various (meth)acrylates at different temperatures also 
affords the product polymers with the predicted molecular 
weight (up to M„>10^), having excellent low polydispersity 
as low as 1.15; see Table 1 below). 
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Cbaracterizatioit Etota for ATRP of Stytm and 
\^rioiis fMetfa^actvlates Initiated wifli RX/Cuy/Bpv^ 



Monomer 












Styrene 


l-PECl/CuCl 


130 


120,000 


110,500 


1.45 






100 


97,000 


93,300 


1.50 




l-PEBi/CuBr 


80 


8,300 


8,000 


1.25 


MA 


2-EPNCl/CiiCl 


130 


30,500 


31,000 


1.40 




2^PNBi/CuBr 


80 


19,100 


21.500 


1.25 




2-MPNBr/CuBr 


100 


27,500 


29.000 


1.15 




ot,a'-Br2 -xylene/ 


100 


29,500 


31,000 


1.25 




CuBr 










BuA^ 


2-MPNBr/CuBr 


130 


15,000 


13,500 


1.50 


MMA** 


2-EiBBr/CuBr 


100 


10,000 


9,800 


1.40 



■molar ratio of RX/CuX*/Bpy = yi/3; 

^14>EC1: i-plienylethyl chloride^ l-PEBr l-pbenyfe1fay] bromide, 2^EFNC1: 
etborl 2-chloropiopiogaate, 2-HPNBt: etfayl 2-bioniopropionate, 2-MPNBr 
methyl 2-brQmopropionate, 2-£iBBn ethyl 2-biDnKnsobtttyrat6; 
^calculated acccMdin^ to eq. 1; 
**in ethyl acetate solution, 50% by volume. 

As an illustrative example of the controlled character of 
the ATRP of (meth)acrylic esters, FIG. 3 presents the kinet- 
ics of methyl acrylate ("MA") bulk polymerization at 130° 
initiated with 1-PECl in the presence of Cu(I)Cl (1 
equiv.) and Bpy (3 equiv,). The straight semilogarithmic 
kinetic plot of ln([M]y[MJ) vs. time in minutes) 

indicates that the concentration of growing radicals is 
constant, and that termination reactions are minimal. 

Moreover, the experimental molecular weight, M^sec^ 
increases with monomer conversion (FIG. 4) and matches 
the theoieticai moleoilar weight. M^^^^ (FIG. 5), as calcu- 
lated by eq. 1: 



(1) 
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where AIM] represents the concentration of consumed 
monomer MA, [R — XJq, represents the initial concentration 
of l-PEQ, and (MW)o r^re&ents the molecular wei^t of 
MA These results provide evidence that 1-I^Cl acts as an 
efficient initiator^ and that the number of active chains 
remains practically unchanged during the MA polymeriza- 
tion. Thus^. termination and transfer side reactions* if they 
exist are not significant. Both of these results suggest that 
the ATRP of MA is a "Uving** process 

Furthermore a series of balk ATRP's of MA was carried 
out at 130° using various monomer/initiator molar ratios, 
[MA]c/ll-PECl]o, and a constant ligand/catalyst/initiator 
molar ratio of 3/1/1. FIG. 6 shows the correlation of the 
experimental molecular weights, M^jsec- with the theoreti- 
cal molecular weights, M^^, calculated by eq. (1). A linear 
plot is obtained in the molecular weight range of from 
1.5x10^ to 1.35x10^. The slope of the strai^t line is 0.95, 
thus indicating a high initiator efficiency. These results again 
support a "living" process of MA polymerization initiated 
with 1:1:3 l-PECl:CuCl:Bpy. 

End Group Analysis of Polymers Obtained by Atom 
Transfer Radical Polymoization. The nature of the diain 
ends of low molecular weight polystyrene synthesized by 
the ATRP technique was analyzed by means of NMR ^ 
spectroscopy. FIG. 7 presents the NMR spectra of PSt 
which was prepared at 130^^ C. using 2-chloroprop^onitrile 
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as an initiator, in the presence of one molar equiv. of CuCl 
and 3 molar equiv. of Bpy. Two broad signals at 4.2-4.4 ppm 
are assigned to two different stereoisomers (m and r) of end 
group a in the anticipated structure 1. Moreover, two addi- 
tional broad bands at 0.85 and 0,96 ppm in FIG. 7 r^esent 
two stereoisomers (m and r) of the end group d. 

Comparison of the integration values for the two end 
group resonances in the *H NMR spectrum (FIG. 7) shows 
a 3:1 molar ratio of a and d. This may suggest that the St 
polymerization was initiated with 2-propionitrile radicals 
and was efficiently end-capped with an equimolar amount of 
chlorine atoms (relative to the 1-propionitrile group). 
Moreover, con^jarison of the integration of the end groups 
with phenyl groups, e, at 6.5 ppm to 7.3 ppm, and to other 
groups, b and c, in the backbone of the polystyrene chain at 
1.2 ppm to 2.5 ppm gave a molecular weight similar to the 
one obtained from the SEC measurement (M„^j^^/y~20(X) vs. 
M5^c-~2100), indicating a quantitative initiation by 
2-chloropropionitrile. This result shows a high initiator 
efficiency in ATRP. 

Stereochemistry of Atom Transfer Radical Polymeriza- 
tion. To better understand the mechanism of ATRP, the 
stereochemistry of MMA polymerization was investigated. 

The tacticity of poly(mc!hyl methacrylate), PMMA, was 
calculated from the ^^C NMR of the C=0 group and the 
quaternary carbon atom, and from the NMR of the 
a-methyl group. The ^^C NMR resonances of the C=0 
group and the quaternary carbon atom are recorded in the 
regions 175-179 ppm and 44—46.5 ppm. respectively, with 
respect to the reference peak of CDCI3 at 77.2 ppm. The 
assignment of the ^^C signals was performed to Peat and 
Reynolds (see Peat et al. Tetrahedron Lett, 1972, 14, 1359). 

FIG. 8A displays the ^^C NMR spectra of the C=0 group 
and the quaternary carbon atom of PMMA prepared at 100° 
C. using methyl 2-bromoisobutyrate ("2-MiBBr"), CuBr 
and Bpy in a 1/1/3 molar ratio; and FIG. 8B displays the ^^C 
NMR spectra of the C=0 group and the quaternary ca]i)on 
atom of PMMA prepared using a classic radical initiator, 
AIBN. Both spectra are almost identical. Indeed, up to a 
pentad sequence, FMMAs prepared using a classic radical 
initiator such as AIBN or BPO and various ATRP initiator 
systenos have the same compositioDS. within the linoits of 
experimental error (see Table 2 below). Moreover, the 
stereochemistry for PMMA prepared by ATRP appears to be 
consistent with a BernouUian process, as indicated by a p 
value of -1. These results indicate the presence of the same 
type of active species in the present Cu(I)X' -catalyzed 
polymerization and in conventional free radical polymeriza- 
tion. The similarities in stereochemistry and regiochemistry 
observed in the present results are consistent with the results 
observed in BujSnH-mediated radical cyclizations and in 
Cu(I)- catalyzed chlorine transfer cyclizations reported by 
others (see (a) Bellas, D. Pure <k AppL Chem. 1985, 57, 
1827; (b) Nagashima, H.; Ozaki, N.; Ishu, M.; Seki, K.; 
Washiyama, M.; Itoh, K. J. Org, Chem. 1993, 58. 464; (c) 
Udding, J. H.; Tuijp. K. J. M.; van Zanden, M. N. A.; 
Hiemstra, H., Speckamp. W. N. /. Org. Chem, 1994, 59, 
1993; (c) Seijas et al. Tetrahedron, 1992, 48(9), 1637). 

EfiFect of the Structure of the Initiator on Atom Transfer 
Radical Polymerization. Table 3 r^Mnts the data fen* the 
ATRP of styrene at 130° C. using various commercially 
available all^l chlorides, Cu(I)C^ (1 molar equiv.) and Bpy 
(3 molar equiv.) 
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TABLE 2 

Conqiarison of Fractions of P^tads, IViads, and Diads in Pdly(niethyl mediaciylale) (FMMA) 
ppenared Using C lmaBi^ Tniriflir trs and Vgioiis ATRP faidator Syste ms 



T nxKTu irnrr 

CC.) Initiator system imnxnm nnmnr cmmr + mmnn + numr noRin mm- rrrr mm mr tr m r p* 



130 I-PBCI/CuCI/Bm^ ________ o.06 0.3« 0.56 0.25 0.75 0.99 

BPO* _________ 0.06 0.37 0.55 0.245 0.755 1.00 

100 2-EiBBr/CuBr/Bp/ 0.01 0.03 0.04 0-11 0.26 0.06 0.22 0.27 0.05 0.36 0,59 0.23 0.77 1.04 

AIBN* 0.02 0,03 0.04 0.11 0.27 0.04 0.21 0.28 0.06 0.34 0.60 0.23 0.77 1.04 

60 2-EiBBr/CuBi/Bpy** _____ _ — _ 0.04 0.33 0.63 0.205 0.795 0.99 

AIBN^ ________ 0.03 0.35 0.62 0.205 0.795 0.94 



*The persistence ratio: p = 2(mXry(n]r); 

*Tolymerizatioii conditi<His: IMMAfc = 936M, [1-PECllo = O.llM, fl-FEClV(Ciia]o/Bpylo = l/l/3i 
*^lymerization conditions: [MMAlo = 9-36M, [BPO] = O.IM; 

•Polymerization conditions: [2-EiBBrlo = 0.055M, [l-PECiyfCuClVlBpy]© = 1/1/3; 
^lymerization conditions: [MNfAJo = 9.36M, [AIBN] = O.IM; 
^otada, K. et. al, Pdlym, J. 1987, 19, 413. 



as initiates, catalyst; and ligand, respectively. Initiatcars 
which possess either inductive or resonance-stabilizing sub- 
stituents (e.g., two or more halogen atoms in addition to the 
CI transfer atonu CN, COOR, and/or aryl [Ph]) can serve as 
efficient mono- or bi- functional initiators (i.e, providing 
high initiator efficiency [*T*>0.9] and narrow molecular 
weight distribution [e.g.. M^„~1.25--1.5]). 

In contrasts simple alkyl chlorides as butyl dilodde, 
C4H9CI, and didiloromethane, CH2CI2, do not work well 
with St, giving uncontrolled polym^s with unexpectedly 
high moleoilar weights and hroad molecular weight distri- 
bution. These results are very similar to those obtained under 
similar conditions in the absence of initiator (see Table 3 
below). These results indicate very poor efficiency of 
C4H9CI and CH2CI2 as initiators for the ATRP of St 

The results shown in Table 3 may be tentatively correlated 
with the caibon-halide bond strength or bond dissociation 
eneigy (BDE). Fot initiators having a high BDE, such as 
C4H9CI and CH2O2, the chloride atom transfer from the 
initiator to Cu(I)Cl aptpears to be very difficult because of the 
strong carbon-chlorine bonds. Introduction of an Inductive 
cr resonance-stabitizing substituent into the initiator reduces ^ 
the BDE of &e C — CI bond, and the generation of initiating 
radicals by chlcxine atom transfer becomes facHe and 
efficient, resulting in a high initiator efficiency and narrow 
MWD in the ATRP of St. 



TABLE 3 



Styrene ATRP, U»ng Vivknis Initiators in the 



Initiator 


(M) 














134J00 


1.95 


C4H9CI 


0.082 


10,000 


111,500 


1.75 


CH2CI2 


0.085 


9,700 


129,000 


2.20 


CHCI3 


0.040 


20,500 


21,900 


1,45 


ecu 


OJ047 


17,600 


15,500 


1.30 




0-037 


22,300 


22,400 


1.35 


CH3CH(C1X^ 


0.35 


2,280 


2,100 


1.25 


CH3CH(Cl)COOC2H5 


0.038 


21,500 


20,000 


1.45 


CH3CH(Cl)COOC2H5 


0.65 


1,210 


1,290 


1.35 


CeHsCH^Cl 


0.075 


11,000 


10,600 


1.45 


CICHaC^CHjCI 


0.12 


6,890 


6,600 


1.45 
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Effect of the Polymer Structure, M„, and the Polymaic 
Halide. M„ — X*, on Atom Transfer Radical EV>lymerization. 
FIG. 9 illustrates the kinetic plots of fee ATRP of three 
typical monomers, St, MA» and MMA, using the same 
initiator system l-PECl/CuCl/Bpy (1/1/3), under the same 
experimental conditions, in bulk and at 130° C. 

The slopes of the straight kinetic plots in FIG. 9 allow the 
calculation of the apparent propagation rate constants (kj/^^) 
in the ATRP of St, MA and MMA. Furthermcce, knowing the 
corresponding diermodynamic parameters, A^ and Ep, one 
can estimate the absolute propagation rate constants at 
various temperatures., ]^~, and the stationary concentrations 
of growing radicals, [P^]^ according to equations (5) and 
(6), respectively: 



Rp=^-rf[M]/aSMp-^[M]><|K-U 

Fot each system described herein, [P~], 
constant. Therefore: 



and 



45 



(2) 

can be considered 

(3) 

(4) 
(5) 

(6) 
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Table 4 shows the kinetic data and estlniated concentra- 
tions of growing radicals in bulk ATRP of St, MMA, and MA 
initiated with 1-PECl/CuCl/Bpy (Vl/3) at 130^ C. The 

TABLE 4 

Kinetic Data and Estimated Concentration of Growing Radicals 

[P--], for Bulk ATRP of St, MA, and MMA Initiated with 
l-PECVCUCl/Bpv (Vm^ at 130^ C. 



Monomer 



MA 



MMA 



St 



60 



Xjonversnn of tfae polymerization: 90%-100% 
^calculated based on eq, 1 
Lutiator 

It must be pointed out here that the same conclusions are 65 
observed for ATRP of other monomers, such as MA and 
MMA. 



[l-P!ECJ]o 
(mol/l) 
[M]o (molA) 
kp- ISO** C. 
(ICP mol/l s-*) 



0.Q38 



11.1 
14-1* 



3.14 
0.22 



0.038 
9.36 

5.83 
1.84 



0.038 



8.7 
23* 



1.35 
0.58 



23 

TABLE 4-continued 
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Kinetic Data and Estbnated ConcenlratkHi of Orowing Radicals 
fP-l, for Bulk ATRP of St, MA, and MMA Initiated with 
at 130" C. 



Monomer 



MA 



MMA 



St 



(10-''M) 



*ln = 1^-42 - (3574/r), sec Odian, G. Principles of Polymerization, 

Witey-Interscience, New York, 1991; 



= 14.685 - (2669/T), see Hutchiuson et al, Macromolecules, 



1993, 26, 6410; 
'^In 1^^,; see Hutchinson et al, supra. 

Effect of the Transfer Atom (Leaving Group), X7, on Atom 
Transfer Radical Polymerization. Since the atom transfer 
process reflects the strength of the bond hreaidng and bond 
forming in M„ — ^X*, it is ej^ected that the leaving group, X*, 
will strongly affect control of the atom transfer reaction. 

From Table 5, it can be noted that ATRP is essentially 
faster when X is bromine as con^ared to when X is chlorine. 
This can be explained by the presence of more growing 
radicals in the polymerization process when X Is bromine as 
compared to when X is chlorine. 

The effect of the leaving group, X, on the living character 
of the polymerization is also significant. For instance, in MA 
polyn^zations at 100° C. using the same molar ratio of 
initiator/CuX'/Bpy and the same initiating radical, ethyl 
propionate, at high monomer conversions (e.g.^ >50%) the 
experimental molecular weight, M^^^. and is vecy close to 
the theoretical molecular weight, M^^ when X=X*==either 
Br or CI. However, at relatively low conversions (e.g., 
<50%), the discrepancy between M^ sec^ is much 

larger when X=X=C1 ("Q ATRP") as compared to when 
X=X=Br {^*Br ATRP") (see FIGS. 10 and 11). 

Moreover, the polydispersity of resulting polymers 
obtained by CI ATRP is usually larger than the polydisper- 
sity obtained by Br ATRP (e.g., an M^„ of L15-L35 vs. 
1.30-1.50; see FIGS. 10 and 11). 

TABLES 

Tbe EfEect of the Leaving Group, X, on Kinetics 
of ATRP at Difeamt Temperature^ 
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Monomer 



T, «C. ATRP 



10-» s-i 



10» mow mol/l 



MMA 


80 


CI ATRP 


-1.71 


1.24 


13.8 






Br ATRP 


-3.52 


1.24 


28.4 


MA 


80 


CI ATRP 


b 


4.01 








Br ATRP 


-1.28 


4.01 


3.19 




100 


CI ATRP 


1.45 


6.89 


2.10 






Br ATRP 


3.47 


6.89 


5.02 


St 


so 


CI ATRP 


b 


0.64 








Br ATRP 


-1.45 


0.64 


22.6 



"1-F!EC1 and UPEBr were used as initiators for Ci and Br ATRP, respectively, 
fl-PEX]o = O.IM, and [l-PEXlo/[CuXMBpy)o = 1/1/3; 
no polymer can be detected in 40 hrs. 

Effect of the Concentrations of the Components in Initia- 
tor System, R — ^X/CuX/Bpy, on Atom Transfer Radical 
Polymerization. In order to gain a better understanding of 
the ATRP mechanism, the effects of the components in the 
initiator system compositions on the kinetics and the living 
character of polymerization were investigated. 

As discussed in the previous sections, the slope of the 
kinetic semilogarithmic anamcHrphoses allows the calcula- 
tion of apparent rate constant k^"^, and thus the external 
orders in initiator, catalyst and ligand, can be d^ennined: 
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]n(kp'^^y=)n(k)+xln ([RXJoHyIn CrCiiX]o)+zln ([BpyJo) 



8) 



The plots of inik/"^) vs. ln([l-PECllo), ln(i^'^) vs. 
ln([CuCl]o). and M^"^^) vs ln(|Bpy]o for St ATRP in bulk 
at 130'' C. are given in FIGS. 12A-C. The fraction orders 
observed in these graphs are approximately 1, 0.4, and 0.6 
for [l-PEQIo* [CuCllo. and [BpyJo, respectively. The first 
order of 1^^'' in initiator, | I-PECIIq, is expected. However 
since the systems studied were heterogenous, it is difficult to 
give precise physical meanings for 0.4 and 0.6 orders in 
ICuClJo and [BpyJo, respectively. 

The effects of the compositions of the con^nents in 
initiator system on the living characto: of the ^bove- 
described ATRP of St reveal several in^nntant features. As 
seen from FIG. 13, th^e appear to be no significant effects 
of [CuCllo on the initiator efficiency and the molecular 
weight distribution. Indeed, even in the presence of 0.3 
molar equiv. of CuCl relative to 1-PECl, the experimental 
molecular weight/ M„ ^j^.^, still linearly increases with 
monomer conversion and is close to the theoretical molecu- 
lar weight obtained by means of eq, 1 (FIG. 13A). The 
similar results are also found for MA (FIGS. 5 and 14). 
These findings suggest that in ATRP, the CuX acts as a 
catalyst and the addition of catalytic amount of CuX com- 
plexed by Bpy is sufficient to promote a controlled ATRP, 
even in these heterogeneous systems. 

Transition Metal Catalyzed- Atom Transfer Radical Addi- 
tion and Transition Metal Catalyzed- Atom Transfer Radical 
Polymmzations. As described above, atom transfer radical 
polymerization, ATRP, can be considered as a succession of 
consecutive atom transfer radical additions, ATRA's. The 
prerequisite for a successful transformation of transition 
metal catalyzed-ATRA to transition metal catalyzed- ATRP 
is that a number of polymeric halides, M„ — ^X, can be 
effectively activated by M," (FIG. 2). Present work demon- 
strates that a Cu(I)/Cu(n)-based redox process In the pres- 
ence of Bpy can achieve that goal. 

Indeed, to prevent possible polymerization and to obtain 
the monomeric adduct, R — M — X, in good to excellent 
yields in the ATRA process, organic chemists often use 
either (1) activated organic halogens as radical sources, (2) 
terminal alkenes without resonance-stabilizing substituents 
or (3) both activated organic halogens as radical sources and 
45 terminal alkenes wittiout resonance-stabilizing substituents 
(see (a) Bcllus, D. Pun a AppL Chem. 1985, 57, 1827; (b) 
Nagashima, H.; Ozaki, N.; Ishii, M.; Sdd, K.; Washiyama, 
M.; Itoh, K. jr. Org, Chem. 1993, 58; 464; (c) Udding, J. H.; 
Tuijp, K. J. M.; van Zanden, M. N. A,; Hiemstra, H,; 
50 Speckamp, W. N. J. Org. Chenu 1994, 59, 1993; (c) Seijas 
et al. Tetrahedron, 1992, 48(9), 1637; (d) Nagashima, H.; 
Wakamatsu, H.; Ozaki, N.; Ishii, T.; Watanabe, M.; Tajima, 
T.; Itoh, K. J. Org. Chem. 1992, 57, 1682; (e) Hayes, T. IC; 
ViUani, R.; Weinreb, S. M. J, Am. Chem. Soc, 1988, 110, 
5533; (f) Hirao et al, Syn. Lett., 1990, 217; and (g) Hirao et 
al, J. Synth. Org. Chem. (Japan), 1994, 52(3), 197; (h) Iqbal, 
J; Bhatia, B.; Nayyar, N. K. Chem. Rev., 94, 519 (1994)). 
Under such conditions, the further generation of free 
radicals, R — M~, is kinetically less favorable, since 
R — M — ^X is much less reactive than R — Y towards the 
transition metal species, M," (FIG. 1). 

From the results described herein, the following param- 
eters appear to be in^)ortant to promote the successful 
transformation of ATRA to ATRP. First, the use of suitable 
ligands (e.g., Bpy, P(OEt)3) increases the solubility of the 
transition metal conq>ound (G,g,^ CuX) by coordination, can 
facilitate the abstraction of a halogen atom from the initiator. 
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and more importantly, can facilitate abstraction of the trans- 
fer atom or group from the dormant polymeric halide, 
R — M„ — X, with the formation of initiating and growing 
radicals (FIG. 2). Secondly, as demonstrated in Table 3, the 
presence of either inductive or resonance stabilizing sub- 
stituents in the initiator are beneficial for generating initiat- 
ing radicals, R~, in growing PSt and PMMA chains. Finally, 
in practice, the use of a high polymerization temperature is 
beneficial, particularly for CI ATRP (Table 5). In fact, many 
ATRA processes also appear to use rather hi^ temperatures. 

Prior to the present invention, RuCl2(PPh3)3 was known 
to promote only the monomeric addition of CCI4 to alkenes. 
Very recentiy, it was reported that RuCl2(PPh3)3 induced the 
controlled radical polymerization of MMA at 60^ C. in the 
presence of methylaluminum bis(2,4-di-tert~ 
butylphenoxide) (Sawamoto et al, Macromolecules, 1995, 
28, 1721). However, the present inventors observed that at 
high polymerization temperatures (e.g., 130° C, a number 
of radically polymerizable monomers undergo ATRP in tiie 
absence of methylaluminum bis(2,4-di-tert-butylphenoxide) 
or other such activators. As a result, one may increase 
polymerization temperature (rather than include methylalu- 
minum bis(2,4-di-tert-butylphenoxide) or other activator) as 
a means to enhance the reactivity of less reactive monomeric 
or polymeric haUdes towards transition metal species with 
die formation of propagation radicals. Indeed, it is possible 
that an activator may lead to a diange in the polyixifirizadon 
mechanism. 

Radical Addition vs Coordiitadon Ins^on. Reganling 
the medianism of ATRP, the inqxntant question to be 
answered is whether tiie ATRP really involves radical inter- 
mediates during polymerization. 

The generation of radical intermediates by reacting some 
transition metal species, including salts and/or complexes of 
copper, nithenimiL, iron, vanadium, niobium, and otiiers, 
with atkyl halides, R — ^X, is weU documented (see (a) 
Bellus, D. Pure & Appl. Chem. 1985, 57, 1827; (b) 
Nagashima, H.; Ozaki, N.; Ishii, M.; Seki, IC; Washiyama, 
M.; Itoh, K. J, Org. Chem, 1993, 58, 464; (c) Udding, J. H.; 
TYiijp, K. X M.; van Zanden, M. N. A-; Hiemstra, H.; 
Speckamp. W. N. J. Org. Chem, 1994, 59, 1993; (c) Seijas 
et al. Tetrahedron, 1992, 48(9), 1637; (d) Nagashima, H,; 
Wakamatsu, H.; Ozakt^ N.; Ishii^ T.; Watanabe, M.; Tajima, 
X; lt<di, K. /. Org, Chem. 1992, 57, 1682; (e) Hayes, T. K.; 
^ani, R,; Weinreb, S. M, /. Am, Chem, Soc. 1988. 110, 
5533; (f) Hiiao et al, Syn, Lett,, 1990, 217; and (g) Hirao et 
al, J. Synrfi. Org. Chem. (Japan), 1994, 52(3) 197, (h) iqbal, 
J; Bhatia, B,; Nayyar, N. KL Chem, Rev,, 94, 519 (1994); and 
Kochi, J. K., Organometallic Mechanisms and Catalysis^ 
Academic Press, New York, 1978, and references cited 
therein). Moreover, it is also known that R — ^X/transition 
metal species-based redox initiators, such as Mo(CO)e/^ 
CHCI3, Cr(CO)6/CCl4, Co4(CO)i2/CCl4, and Ni[P(OPh)3] 
4/CQ4, promote radical polymerization (see Bamford, Com- 
prehensive Polymer Science^ Allen, G., Aggarwal, S. L„ 
Russo, S., eds., Pergamon: Oxford, 1991, vol. 3, p. 123). The 
participation of free radicals in these redox initiator^ 
promoted polymerizations was supported by end-group 
analysis and direct observation of radicals by ESR spectros- 
copy (see Bamford, Prvc, Roy. Soc, 1972, A, 326, 431). 

However, different transition metal species may act in a 
different manner. Hiey may induce an atom transfer reaction 
or provide a source of metal-conq>lexed radicals or even 
initiate a catalytic cycle that does not involve radical inter- 
mediates (Curran et al,y. Org. Chem. and/. Am. Chem. Soc, 
supra). 

In fact, several examples using additives such as dluX, a 
catalyst suitable fo£ the present invention, reported previ- 
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ously showed that the reactions between some 
polyhaloalkanes, e.g., CCI4, and alkenes exceptionally lead 
to exclusive 1:1 adducts in many cases (Bellus, supra). The 
authors argued that, if radical addition were the case, a 
considerable amount of telomer formation would be 
expected even at high organic polyhalide/alkene ratios. 
Thus, they questioned whether Cu(I)Cl cleaves the carbon- 
halogen bond by an atom transfer process to generate a 
carbon radical and a Cu(n) species (FIG. 2) or by an overall 
two-electron change to generate a Cu(III) species 2 (FIG. 
15), followed by insertion of the alkene into the carbon- 
copper(ni) a-bond and halogen Hgand transfer reductive 
eUmination) with a new Cu(ni) species 3 formed. 

ia sharp contrast to previous observations. &e present 
invention shows that the polymerization of alkenes occurs 
when halide initiators, including CCI4, are used with CuX 
complexed by Bpy as a catalyst. The uncompleted CuX 
species may not be powerful enough to abstract the halogen 
atom from the 1:1 monomeric adduct to promote atom 
transfer radical polymerization. As described below, the 
polymerization of St initiated with 1-PECl/CuCl without 
ligand is an iU-controlled. tiiemmlly self-initiated polymer- 
ization. 

Moreover, the similarities in stereodiemistry of the poly- 
merizations of M-A initiated with classic radical initiators 
and various initiator/CuX/Bpy systems (Table 2) suggests 
that a {wtative insertion process (FIG. 16) can be rejected. 
Although metal coordinated radicals (FIG. 17) may be 
involved in the polymerizations of alkenes initiated with ttie 
R — ^X/CuX/Bpy system, a simple radical process is most 
probable (FIG. 2). The participation of -he free radical 
intermediates is also supported by the observation tiiat 
addition of 1.5 molar equiv. of galvinoxyl (relative to 
1-PECl) effectively inhibits polymerization, and no styrene 
polymerization was initiated with 1-PECl/CuCl/Bpy (1/1/3) 
within 18 hours. Further evidence for the presence of radical 
intermediated in ATRP is the fact that the monomer reac- 
tivity ratios for ATRP random copolymerization resembles 
the monomer reactivity ratios for classical radical ]x>lymer- 
40 ization processes (i.e., r^j,^^=0.46/r5^.48 for ATRP at 100'' 
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C. initiated with 2-ELBBr/CuBr/Bpy, and r^^=0.46/rs,?= 
0.52 for radical polymerization initiated with BPO at 60^ 
C). 

Atom Transfer Radical Polymerization vs. Redox Radical 
Teloanerization. It is well known that radical telomerization 
can be initiated by a transition metal species-based redox 
catalyst. The medianism is generally described as shown 
below: 
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RCCb 

Propagation: 



M 



RCSCljM- 



RCCb" 



M 



-> RCChMUi- 



Cbain Tnmsfira-. 
RCCI2I4.- + 



RCCb 



ROCl2MwCl + RCCh- 



RCCbM»~ 



M,^iCl 



RCCbMflCl + tAT 



65 



The fundamental differences between ATRP and redox 
radical telomerization are as foUows. In ATRP. the poly- 
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mcric halides, R — — X, behave as dormant ^>ecies (FIG. 
2). They can be repeatedly activated by transition metal 
species* M,", to form the growing radicals, R — M„', and 
oxidized transition metal species, M which can further 
react with R — to regenerate R — ^M^ — and M,", i.c., 
a reversible transfer process. 

Contrary to ATRP. redox radical telomerization represents 
a degradative transfer process, in which the resulting poly- 
meric halides, R — M„ — X. are dead chains (see Scheme 2 
above). Consequently, the molecular weight obtained in 
redox radical telomerization does not increase with the 
monomer conversion, whereas the molecular weight 
increases linearly with increasing monomer conversion in 
ATRR 

Factors Affecting Atom Transfer Radical Polymerization, 
(a) **Living'7ControlIed Radical Polymerization. To better 
describe controlled ATRP, a discussion of some genial 
properties for "livings/controlled radical |x>iymerization is 
in order. 

Free radicals, which are the growing species in radical 
polymerization, are highly reactive species. Unlike anions or 
cations, they recombine and/or disproportionate at rates 
approaching the diffusion controlled limit (i,e„ k, of about 

sponding 



sec which is much higher than the corre- 
propagating rate constant (i.e., k^-lO^"^ 



M~ 'Sec ). Moreover, initiation is incomplete due to slow 
decomposition of classic radical initiator (i.e., k^-lO""* ^ 
see"*). These are the kinetic reasons why classic radical 
polymerization yields iil-^fined polymers with ui^^edict- 
able molecular weight broad molecular wd^t distdbution, 
and uncontrolled structures. 

Moreover, due to the same kinetic reascms, it is inopossible 
to entirely suppress the termination reactions and to obtain 
a living radical polymimzation, in whidi chain breaking 
(termination) reactions are absent (Szwarc, Nature, 1956. 
176, 1168). Thus, for the sake of the accuracy, we propose 
the term controlled or "living'' radical polymerization to 
describe the processes in which the side reactions are not 
significant. Consequently, structural parameters, such as 
molecular dimension, molecular weight distribution, 
con^>osition, topology, functionality^ etc., can be controlled 
to some extent 

The preparation of controlled polymers in a **living" 
radical process requires a low stationary concentration of 
growing radicals, M„~, which are in a fast dynamic equilib- 
rium with the dormant species, M„— D: 

Mn~+D3=?M„-D 

Termination is second order and propagation is first order in 
respect to growing radicals (eqs (12) and (13): 



At low concentration of free radicals, the proportion of 
termination versus propagation is reduced. If the reversible 
exchange between growing radicals, M„", and dormant 
species, M„— D, is fast, the polymerization degree can be 
predetermined by the ratio of the concentration of the 
consumed monomer to that of the dormant chains (eq. 14), 
and the molecular weight distribution may remain narrow. 



rcversibly with species D, which may be carbon-, sulfur-, 
and oxygen-centered radicals (Otsu et al, Makromol. Chenu 
Rapid Commun., 1982, 127; Otsu et al, Macromolecules^ 
1992, 25, 5554; BledzM et al, MakromoL Chem, 1983, 184, 

5 745; Druliner, Macromolecules, 1991, 24, 6079; U.S. Pat 
No. 4,581,429; and Georges et al Macromolecules, 1993, 26, 
2987), aikylaluminum complexes (Mardare et al, 
MacromoleculeSy 1994, 27. 645), and organocobalt porphy- 
rin complexes (Wayland, B. B., Pszmik, G., Mukerjee, S. L„ 

10 Fryd, M. J. Am, Chem. Soc, 1994, 116, 7943), in a reversible 
deactivated process. Another approach (discovered by the 
present inventors) is based on using alky 1 iodides in a 
degenerative transfer. 

The Significance of the Presence of tiie Low Concentra- 

15 tion of Growing Radicals in Maintaining 'Uving" ATRP. 
Since ATRP promoted by the Cu(I)/Cu(n) redox process 
resembles classic radical polymmzation. termination reac- 
tions can not coiiq>letely eliminated, which are second order 
in respect to growing radicals (eq. 13). As already discussed 

20 in the preceding section, if the concentration of growing 
radicals is kept low enough, and a fast and reversible 
equilitaium between growing radicals and dormant species 
is established (see Scheme 2 above), the proportion of 
termination in comparison to propagation can be minunized, 

25 resulting in a predictable molecular weight and a narrow 
molecular weight distribution. Indeed, this is the case for 
"living" ATRP. 

Table 6 lists the estimated polymerization time for 90% 
monomer conversion, to.9< concentration of the dead poly- 

30 mer chains due to the spontaneous termination reactions at 
that time, [Pld[.o^< concentration of the polymer chains due 
to self-initiati<»i, [Pl^^,o.9* percentage of uncontrolled 
polymer diains gener^sd by side reactions, "UC**, in bulk 
ATRP of St. MMA and MA initiated with 1-PECVCuCl/Bpy 

35 at 130° C: 



In([My[M])=In{10>i^-«^., (15) 

TABLE 6 

Estimated [P"], t^^, [PWo:»» [Piu>.». and "UC" 
far Bulk ATRP of St, MMA and MA Initiated with 
IrPECiyCuCl/Bw (1/1/3^ at 130" C. 
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(12) 
(13) 
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(14) 



Recent progress in controlled radical polymerization can 6S 
be indeed related to the approach illustrated in the Mn-D 
reaction above. In which growing radicals, Mn~^ react 



Monomer 


MA 


MMA 


St 


{l-PECl]o (mol/1) 


Oj038 


0.038 


0.038 


[M]o (moW) 


11.1 


9.36 


8.7 


Js^iao* c- (M s ')* 


14,100 


3170 


2300 


Kx^o^ c. (10^ s-^t 


1.98 


0.31 


2.4 


[P-J (IQ-"^)* 


3.14 


5.83 


1.35 


0.22 


1.84 


0.58 


7300 


4000 


17100 


Pld^«> (10^ mol/1) 
II* Wo.9o (ICr^ mol/1) 


0.7 


4.20 


14.4 






1.7 




0.2 


1.1 


8.2 



*see mie 4; 

*Data from Odian G. Principles of Polymetizatioii, Wiiey-Interscience, John 
WiJcy & Sons, New York, 1991; In = 23.43 - (267LT), In Km*. = 
183 - (1432/T), In k,,a = 17.47 - (9620^. 

As shown in Table 6* at 90% monomer conversion^ the 
concentrations of uncontrolled polymer chains, "UC, are all 
S.29& ^ less in ATRP's of St MMA. and MA. when 
1-PECl/CuCl/Bpy (1/1/3) is used as the initiator system at 
130** C. This may be why ATRP proceeds in a "living" 
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manner. Although the temimation rate constant is larger in 
MA radical polymerization tiian in the other two processes, 
ATRP of MA is better controlled than ATRPs of St and 
MMA. This appears to be due to a lower concentration of 
growing radicals in the ATRP of MA (Table 6). 5 

The SigniAcance of the Presence of Fast Exchange 
Between R — ^MN — and R — ^M„~ in Inducing Low Poly- 
dispersity in ATRP. At a low concentration of radicals 
(Tables 4-6), ca. 10"^ to about 10~® mol/1, polymers with 
very high and uncontrolled molecular weights are usually lo 
found. To cope with this problem, a reversible equilibrium 
between a minute amount of growing, radicals and a laige 
amount the dormant species needs to be established 
Moreover, only if both (1) the initiation reaction between 
initiating radicals and monomer and (2) the exdiange reac> is 
tion between the growing radicals and the dormant species 
are faster than (3) the propagation reaction between *he 
growing radicals and the monomer, the molecular weight of 
the resulting polymers can be predicted by eq. ( 14), and low 
polydispersity polymers can be obtained. 20 

Moreover, in a so-called "living" system with reversible 
dynamic exchange, there is evidence that the polydispersity 
of the resulting polymers largely depends on the ratio of the 
deactivation rate to the propagation rate (Matyjaszewsld, K. 
Polym, Prep. {Am, Chem. Soc. Polym. Chem, Div.\ 1995, 25 
36(1), 541). On Hie other hand, it has been demonstrated that 
many transition metal species can be used as efiELcient 
retarders or inhibitors in radical polymerization (Bamford, 
Comprekenslye Polymer Science^ Allen, G., Aggarwal, S. L., 
Russo, S., eds., Pergamon: Oxford, 1991, p. 1). For example, 30 
the reaction rate constants between (1) PSt~ and CUCI2 and 
(2) PMMA~ radicals and CuClj are 10"^ and 10^ times 
greater in comparison with the corresponding propagation 
rate constants, respectively. Therefore, the existence of a fast 
deactivation (scavenging) reaction can explain the low poly- 35 
dispersity obtained in ATRP. 

Earlier, Otsu et al reported that an R — Cl/Ni(0) combined 
initiator system can induce a **living" radical polymerization 
of St and MMA at eO"* C. {Chem. Ej^ress, 1990, 5(10), 801). 
However; the "living*' character of the R — Cl/Ni(0) com- 40 
Inned initiator of Otsu et al may not be entirely accurate, 
since (1) the molecular weight of ^e obtained polymers did 
not increase lineariy with respect to monomer conversion, 
(2) the initiator efficiency is low (about A% based on 
R — CI), and (3) the molecular weight distribution is broad 45 
and bimodal. The same phenomena were also observed by 
the present inventors. Thus, it appears that the R — Cl/Ni(0) 
combined initiator of Otsu et al does not provide ccmtrolled 
polymers. 

Based on the published evidences the R — Cl/Ni(0) com- 50 
bined initiator of Otsu et al appears to act as a conventional 
redox initiator, similar to the initiators developed by Bam- 
ford (see Reactivity, Mechanism and Structure in Polymer 
Chemistry, Jenidns, A. D, and Ledwith, A., eds, John Wiley 
& Sons, London (1974), p. 52; and Comprehensive Polymer 55 
Science. Allen, G., Aggarwal, S. L., Russo, S., eds., Perga- 
mon: Oxford, 1991, vol. 3, p. 123) The very low initiator 
efficiency and a broad, bimodal m^ecular weight distribu- 
tion observed in the system of Otsu et al suggests that in that 
system, tilie small amount of initiating radicals were gener- 60 
ated by a redox reaction between R — CI and Ni(0), and the 
reversible deactivation of initiating radicals by oxidized Ni 
species is Inefficient in comparison to propagation. This may 
support the idea tiiat fast exchange between R — and R~ 
in transition metal-promoted ATRP at the initial step is one 65 
of the key factors controlling initiator efficiency and molecu- 
lar weight distribution. 



The Factors Affecting the Concentrations of the Growing 
Radicals and the Exchange Rate Between R — ^M„ — X and 
R — M„~ in ATRP Based on the results shown herein, the 
factors ajGTecting the concentrations of the growing 
(initiating) radicals and the exchange rate between 
R— M^— X (R— X) and R— M^~ (R ) in ATRP can be 
qualitatively discussed. 

The staticHiaiy concentration of growing radicals can be 
expressed as in eq. (20): 



Mh— X + CuX ; 



Mh-+CiiX2 



K = K^/ka^ = ((H.-J X iCuX^miMn-Xl x |CuX?) » (19) 

[Mn-f /([R-XJo X [CuXlo) 



[Mir] = {(WU^r.) X ([R-Xkx rCuXb)}!^ 



(20) 



An increase in [R — ^X]o and [CuX]o results in an increase in 
the concentration of growing radicals, and subsequently, in 
the polymerization rate (FIG. 12). 

As also seen from eq. (20), the concentration of growing 
(initiating) radicals is proportional and inversely propor- 
tional to the activation and deactivation rate constants, 
respectively, which strongly depend on the structure of the 
R^^^^^^C group in the initiator, the structure of the 
repeating monomer units M in R — M„ — X. the leaving 
group X, and the polymerization temperature (see Tables 3, 
4 and 5, FIG. 9), 

In terms of polarity, the deactivation reaction between 
PMA" and ChiCli is usually 10 times slower than that 
between Pst" and CUCI2 (i.e., kj^aat r>sr/cuai2> 
Kitsactj'MA^/cuan) (s^^ Bamford, Comprehensive Poylymer 
Science, Allen, G., Aggarwal, S. L., Russo, S. eds.. Perga- 
mon Oxford, 1991, p. 1). Thus, the similar concentration of 
radicals found in the ATRP of St relative to the ATRP of MA 
indicates that the activation reaction between CuCl and 
PSt-O is faster than die one between PMA-Cl and CuCl 
(Le., K^^st-cf>K^tj>AM^i>' This is in good agreement with 
the lower bond dissociation energy in PSt-Cl as compared to 
PMA-Cl (see Danen, W. C, in Methods in Free Radical 
Chemistry, Huyser, E, L. S., ed., Dekker, New York. 1974, 
voL 5, p. 1; and Poutsma, supra). The higher concentration of 
growing radicals found in the ATRP of MMA as compared 
to die ATRP's of St and MA (see Table 4) implies that stoic 
hindrance in both the polymeric halide PMMA-O and 
growing radical PMMA" may significantiy affect deactiva- 
tion and activation rates. 

As noted in FIGS. 10 and 11, the polymerization is much 
faster in the Br- ATRP of MA than in the Q-ATRP of MA, 
due to a higher stationary concentration of radicals in the 
former system as compared to the latter one. However, the 
polydispersity is much narrower in Br ATRP than in 
Cl-ATRP. According to the discussion in the preceding 
section, this suggests that deactivation of free radicals with 
CuBrj is faster in comparison to deactivation of free radicals 
with CUQ2. Since the conc^tration of growing radicals in 
BR-ATRP is larger than in CL-ATRP (see Table 5), the 
activation <^ FMA-Br by Br-containing Cu(I) species must 
be faster than the activation of FMA-O by Cl-containing 
Cu(I) species. This is also in accordance with the fact that 
ttkc ease of the abstraction of X from R — X by CuX follows 
the order Br>Cl (i.e., the lower the bond dissociation energy 
in R — X, the easier to abstract an X atom; see Curran, 
Synthesis^ in Free Radicals in Synthesis and Biology^ and in 
Comprehensive Organic Synthesis; Danen; and Poutsma, aU 
supra). 

Halogen Atom Transfer (Abstraction) vs. Outer-SjAere 
Electron Transfer. The generation of free radicals by reacting 
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an organic halide with a transition metal compound may 
involve two different mechanisms: either halogen atom 
transfer (FIG. 18A) or outer-sphere election transfer (FIG. 
I8B). The form^ process depends on the carbon-halogen 
bond dissociation energy, whereas the latter is a function of 
the electrode potential for the reaction of the organic halide 
(Le., RX+e-->R-4-X-). 

The outer sphere electron transfer process is usually less 
sensitive than halogen atom transfer to the leaving atom X 
in R — and to temperature (Howes et al, Inorg. Chem, 
1988* 27, 3147; and references therein). As discussed before, 
tiie results presented herein show that transition metal- 
mediated ATRP has a strong dependence on the leaving 
group X in R — ^X, as well as cm the reaction temperature. 
Thus* the results herein suggest that ATRP involves a direct 
atom transfer process 

Alternatively, the reversible conversion of the radicals 
R~ and R — ^M„~ to organic halides R — ^X and R — — X 
may involve direct atom transfer (see Kochi^ J. K., Orga- 
nometaUic Mechanisms and Catalysis^ Acad^nic Press, 
New York, 1978. and references cited therein; Asscher, M.. 
Vofsi. D. /. Chenu Soc. Pbrkin IL 1968, 947; and Cohen* H„ 
Meyerstein, D. Inorg. Chenu 1974^ 13* 2434) or oxidative 
addition/reductive elimination with the formation of 
organocopper(III) intermediates (see Kochi, supra; Qrochov, 
A., Asscher* M.* Vofsi D. /. Chem. Soc. Perkin IL 1973, 
1000; and Mitani, M., Kato^ L., Koyama, K. J. Am. Chem. 
Soc, 1983, 105, 6719). Generally, it is difficult to distinguish 
between these two mechanisms. Nevertheless, the 
organocopperOCQ) species, if they exist, probably do not 
react directty with monomer. Otfierwise, some effect on 
tacticity would be observed. 

Thus a successful extension of atom transfer radical 
addition, ATRA, to atom transfer radical polymerization, 
ATRP has been demonstrated in a Cu(I)/Cu(II) model redox 
process. The present process opens a new pathway to 
conduct a "living" or controlled radical polymerization of 
alkenes. The controlled process found in ATRP results from 
two in^ortant contributions: (1) a low stationary concen- 
tration of growing radicals and (2) a fast and reversible 
equilibrium between the growing radicals and the dormant 
species. Many parameters, such as the nature of transition 
metals, the structure and property of ligands, the polymer- 
ization conditions, etc, may affect the course of "living" 
ATRP. On the other hand, it is anticipated that, like other 
controlled polymerizations, ATRP wUl provide a powerful 
tool for producing various tailor-made polymers. 

Other features of the present invention will become 
apparent in the course of the following descriptions of 
exemplary embodiments which are given for illustration of 
the Inventions and are not intended to be limiting thereof. 

EXAMPLES 

Bxan^le 1 

An aralkyl chlodde, 1-phenylelhyl chloride* 1-PECl* is an 
efficient initiator, and a transition metal halide* CuO, com- 
plexed 1^ 2^'-bipyridine, bpy, is an efficient chlorine atom 
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transfer promoter. This model initiating system affords con- 
trolled pc4ymers with predicted molecular weight and nar- 
rower molecular weight distribution, M»/M„<1.5, than 
obtained by conventional free radical polymerization. 

5 Phenylethyl chloride, 1-PECl, was prepared according to 
a litCTature procedure (Landini, D.; RoUa, E 7. Org. Chem,, 
1980, 45, 3527), 

A typical polymerization was carried out by heating a 
reddish brown solution of styrene (St), 1-PECl (0.01 molar 

10 equiv. relative to monomer), CuCl ( 1 molar equiv. relative to 
1-PECl), and l>py (3 molar equiv. relative to CuO)* in a glass 
tube sealed under vacuum at 130^ C. (The reddish brown 
color of a slightly heterogeneous solution was formed within 
30 seconds at 130° C.) The formed polymer was then 

15 dissolved in THF and precipitated in MeOH (three times), 
filtered and dried at 60° C. under vacuum for 48 hr Yield, 
95%. A linear increase in the nuruber average molecular 
weight, M^jsEc- versus monomer conversions up to 95% was 
found for PMA, M^^c values were determined by size 

^ exclusive chromatography, and were calibrated using poly- 
styrene standards. 

The M„^sE!c is very close to the theoretical one, M^.^* 
calculated by the following equation (21): 

Af^KlMW[l-OTCllo)x(BtfW)o><ccrave^^ (21) 

[M]o and [l-PECl]o rqiresent the initial concentrations of 
monomCT (St) and l-PKIl, respectively, and (MW), is the 
molecular weight of monomer. These results indicate that 

30 1-PECl acts as an efficient initiator, and that the number of 
the chains is constant. The molecular weight distribution is 
fairly narrow (MjM„=l .3-1.45). The linear plot of hi([Mlo/ 
[M]) versus polymerization time (e.g. FIG, 3) implies that 
the concentration of growing radicals remains constant 

3^ during propagation, and that termination is not significant. 
Both of these results suggest a ^'living*' polymerization 
process with a negligible amount of transfer and termina- 
tion. 

Additionally, a series of experiments has been carried cHit 
^ at 130° C using various iM]o/[l-PECl]o ratios and a 
constant [l-PECl]</[CuaV[bpy]o ratio of 1:1:3. Similar to 
FIG. 5 a graph was prepared which compares the M,^^: 
calculated M„ based on equation (21) above. 

A linear plot is observed in the molecular weight range 
from 3.8x10^ to 1.05x10^ g/moL The slope of the straight 
line is 0.93, indicating a high initiator efficiency. The poly- 
dispersities of all the polymers obtained also remain low and 
are smaller than in a conventional radical polymerization 
i.e., M,yM„<L5. These results again support a "living" 
^ polymerization process initiated with l-FEO/CuCI/Bpy sys> 
tern. 

Table 7 summarizes the results of styrene polymerization 
under various experimental conditions. In the absence of 
1-PEO, CuCl or bpy, the polymers obtained are ill- 
controlled with unpredictable molecular weights and with 
broad molecular weight distributions. 



TABLE 7 

Results of Styrene Bulk PoIymerizatjoQ at 130*' C. 

[StJo Conv. [1-PEClJo [CuClJo [bypJo 
(mmol) (9k) (mmol) (mmol) (mmol) M.^* M.«m^ M^/M„ 



4375 15 0 0 0 0 132,100 1.76 

4.375 52 0 0.182 0.54 0 134,700 ISS 
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TABLE 7-continued 

Resulls of Stvreig Bii ^l^ pnlyriif pzation at 130° C. 



[Stlo 


Cjonv. 


[l-EECI]o 


[CuCllo 










(mmol) 


(%) 


(mnK>l} 


(nunc]) 


(mmol) 








4.375 


40 


0O528 


0.0455 


0 


3,400 


68,700 


3.10 


4.40 


45 


0.0528 


0 


0.135 


4400 


76,500 


2.10 



^:alculated based on eq. 21 



Exan^le 2 

The same initiating system. 1-PECl/CuCJ/Bpy (1/1/3) can 
be also used for the controlled polymerization of acrylic 15 
monomers, such as methyl methacrylate, MMA, methyl 
aery late, MA, and butyl aciylate, BA. Block copolymers of 
St and MA have been produced using the same technique as 
described in Example 1 for homopolymerization of styrene 
(see the Examples below) Heating of chlorine atom end- 20 
capped polystyrene (0.5 g, M„=4O00, M,/M„=1.45) and a 
two-fold excess of MA (1.0 g) in the presence of 1 mdba 
equiv. of CuCl and 3 molar equiv, of bpy (both relative to 
polystyrene) at 130"^ C. results in MA block polymenzation 
to form the desired PSt-b-PMA block copolymer (yield: 25 
95%, Mn„=13.000, M^„=1.35). 

Discussion 

By analogy with transition metal catalyzed atom transfer 
radical addition reactions (ATRA), used in organic 
synthesis, the results presented hmin can be explained by 
the mechanism shown in FIG. 2. The present process 
appears to involve a succession of ATRA processes, and 
therefore, can be called atom transfer radical 
polymerization, ATRP. 

The model catalyst Cutl acts as a cairier of the chlorine 
atom in a redox reaction between Cu(I) and Cu(II), The 
coordination of the bidentate nitrogen ligand to Cu^Cl 
increases the solubility of the inorganic salt and can also 40 
affect the position of the redox equilibrium, so as to facilitate 
the abstraction of a chlorine from the initiator, 1-PECl, and 
the dormant species, P, — CI with the fcarmation of Initiating 
and growing radicals, respectively. The reversible conver- 
sion of radicals, R~ and P^* to the corresponding haHdes, 45 
R — (H and P^^ — CI, may involve a direct atom transfer 
reaction (Kodu, J. iC OrgtmomeUdUc Mecfumisms and 
Catalysis^ Academic: Press: New York, 1978, and r^erwces 
therein; Asscher, M., Vofsi, D. J. Chem, Soc, Perkin IL 
1968, 947; Cohen, H., Meyerstein, D. Inorg, Chem, 1974, 50 
13, 2434) or oxidative addition/reductive elimination with 
die formation of the organocopper (IH) intermediates 
(Kochi, supra; Orochov, A., Asscher, M., Vofsi D. J. Chem, 
Soc, Perkin JL 1973, 1000; Mitani. M., Kato, L., Koyama, 
K. J. Am. Chem. Soc. 1983, 105, 6719), If the concentration 55 
of growing radicals is low and the redox reaction is fast 
con:q>ared to bimolecular reactions of the radicals, the extent 
of the termination Tesx!tions is minimized, resulting in a 
"living" process Moreover, if the rate of reversible exchange 
between P^ — CI and P^" is comparable to that of propagation, ^ 
the number average molecular weight should be defined by 
eq. (21), and the molecular weight distribution should 
remain narrow. 

Two observations si^ort the participation of free radicals 
in ATOP. First, the tacticity of the polymers is similar to 65 
those synthesized by typical radical initiators. For exan^le, 
the tacddty of poly(iiiethyl methaciylate) M«= 35,400, 



M,/M„=1.40) synthesized using a 1-PECl/CuCl/Bpy initia- 
tor system (in a 1:1:3 molar ratio) at 130° is rr/mr(rm)/mm: 
53/38/9. These values are very close to those of PMMA 
prepared using a typical radical initiator, BPO, at the same 
temperature. Therefore, the organocuprate(ni) species, if it 
exists, probably does not react directly with monomer, 
otherwise some effect on tacticity would be expected. 
Secondly, addition of 1.5 molar equiv. of galvinoxyl 
(relative to 1-PEQ) effectively inhibits the polymmzation. 
In the jHesence of galvinoxyl, no styrene polymerization 
was found within 18 hours. 

The low laroportion of termination, despite the relatively 
rapid polymerization, may be explained by stabilizing inter- 
actions between radicals P,^ and CuClj. It may be pK)ssible 
that the monomer reacts with a radical P^" within a solvent 
cage, in which the ratio of rate constants of propagation to 
termination is higher than for uncomplexed radicals in 
solution. 

At 130^ C, styrene may polymerize thermally by self- 
initiation. (Moad, G.. Rizzardo, E.. Solomon, D. H. Polym. 
BuU^ 1982; 6, 589). The contribution of this reaction in 
ATRP is rather small, because (1) ATRP is fast and (2) the 
relative rote of self-initiation is further reduced wift the 
progress of the reacdon. However, the small contribution of 
self- initiation may enhance polydispersities to the range of 
M^yM„~1.4, and may reduce molecular weights to sli^tly 
lower values than theoretically predicted. 

It must be stressed that the present transition-metal pro- 
moted ATRP, in which the molecular weight linearly 
increases with monomer conversion, is very different from 
typical redox radical telomerization promoted by transition 
metal species in which the molecular weight does not 
increase with conversion (Boutcvin, B., Pietrasant. Y., in 
Comprehensive Polymer Science^ Allen, G., Aggarwal, S. L., 
Russo, S., eds., Peigamon: Oxford, 1991, vol. 3. p 185; 
Bamford, C. H., in Comprehensive Polymer Science (First 
Sups^ement, Allen, G., AggarwaL S. L., Russo, S., eds., 
Pergamon: Oxford, 1991, p. 1). 

In conclusion, the model aikyl chloride initiator, l-PEQ, 
and model transition metal complex CuO/bpy polymerize 
styrene by repetitive atom transfer radical additions to give 
well-defined high molecular weight polymers with narrow 
molecular weight distributions. 

For examples 3-22, the polymers were isolated by either 
of two procedures: 

(1) The polymer was dissolved in THF and precipitated in 
MeOH (three times), filtered and dried under vacuimi: 
or 

(2) The heterogeneous reaction soluticm was filtered, and 
the solvent was removed under vacuum. 

Removal of solvent or drying can optionally be conducted 
using mild heat (e.g., 25^-60^ C). The same poljTneric 
product is obtained, regardless of the isolation procedure. 

Monomers, and ethyl acetate were vacuum-distilled over 
CaHs before use. CuQ and CuBr were purified according to 
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the known procedures (see Nagashima, H.; OzaJd, N.; Ishli. 
M.; Seki, K.; Washiyama. M.; Itoh, K. X Org. Chem. 1993, 
58, 464; (c) Udding, J. H.; Tuijp, K. J. M.; van Zanden, M. 
N. A.; Hieitistra, H.; Speckanj|), W. N. /. Org. Chem. 1994, 
59. 1993; (c) Seijas et al. Tetrahedron, 1992, 48(9), 1637; (d) 
Naga&hima, H.; Wakamatsu, H.; Ozaki, N.; Ishii, T.; 
Watanabe* M.; Tajima, T; Itoh, K. X Org, Chem. 1992, 57, 
1682). 

Example 3 

Polystyrene was prepared by heating styrene (0.9 g), 
1-phenylethyl chloride (1 mL, 7.54x10"^ mol), C\x(})Cl 
(7.54x10-* mol) and 2a-bipyridine (Bpy; 2.26x10"' mol) 
at 130° in a sealed tube for 21.5 h. The polymerization 
reaction mixture was then dissolved in THE, and precipitated 
in methanoL The precipitated polymer was filtered, and the 
dissolving, precipitating and filtering steps were repeated 
two additional times. The obtained polymer was dried at 60° 
C. under vacuum for 48 h. 

The dried polymar had a number average molecular 
weight as measured by size exclusion duromatogr^hy 
(SEC), y^nSEc^ 95,(XK), in good agreement with the 
dieoretical number average molecular weight, M„^y^ , of 
102,000. The dried polymer was obtained in 85% yield The 
polydispersity, M„yM„, was 1.45. 

Example 4 

Polystyrene was prepared according to the procedure 
described in Exanq>le 3, except polymfitization was con- 
ducted at 100° C- for 88 h. The polymer was (Stained in 80% 
yield. The M„ of 93300 was in excellent agreement with 
the M„,rt. of 97,000. The M JM„ of the obtained polymer 
was 1.50. 

Example 5 

The procedure of Example 3 was repeated, except that 
0.45 g of styrene and 2.5 pL ( 1.89x 10^^ mol) of 1-PECl were 
employed, Ni(0) (2.73x10"^ mol) was used as the transition 
metal in place of Cu(i>Cl, and PPh, (1.41x10^ mol) was 
used as the ligand in place of Bpy. The reaction was 
conducted at 130° C. for 12 h. 

The polymer was obtained in 85% yield. The ^njssc of 
the obtained polymex was 189,000 (M„^ =17,600), and the 
M^„=1.70. 

Example 6 

Polystyrene was prepared according to the procedure of 
Exan^le 3, except that the concentration of 1-PECl was 
2.26x10"' mol (amount^3 jiL) RuOa (2:26x10"' m^ol) was 
used in place of Cu(I)Cl, and PPhg (6.78x10"' mol) was 
used in place of Bpy. The polymerization was conducted at 
130° C. for 13.5 h. The polymer was obtained in 90% yield. 
The yi^^c ^ 18300 was in excellent agreement with the 
M„ ^ of 17,900. The obtained polymer had an M,JM.„ of 
2.0! 

Example 7 

Polystyrene was prepared according to the procedure of 
Example 3, except that AIBN (1.7xl(r' mol) was used in 
place of 1-PECl, Cu(II)Cl2 (3x10"' mol) was used in place 
of CuOOO, and Bpy was present in a molar amount of 
7x10^' mol. The polymerization was conducted at 130° C. 
for 5 h. The polymer was obtained in 90% yield. The 'M.„^gEc 
(rf 18,500 was in agreement with the M„ of 25,000, The 
obtained polymer had an M^JM„ of 1.7. 
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Example 8 



Polystyrene was prepared according to flie procedure of 
Example 3, except that 2-chlQropropionitrile (3.75xl0~^ 
g mol) was used in place of 1-PECl; Cu(l)Cl and Cu{ir)Cl2 
were used in an equimolar mixture (3.76x10"^ mol of each) 
in place of Cu(I)CL alone; and Bpy was present in a molar 
amount of 1.9x10"' mol.Thepolymorization was conducted 
at 130° C. for 33 h. The polymer was obtained in 80% yield. 
The ^n^jsc 81,500 was in good agreement with the M^,^ 
of 95,500. The obtained polymer had an MJM„ of 1.4. 

Example 9 

Polystyrene was prepared according to die procedure of 
15 Examfde 3, except that benzyl chloride (3.75x10"' mol) was 
used in place of 1-PECl, FeCl2 (3.75x10"' mol) was used in 
place of Cu(I)Cl, and (EtO)3P (1.15x10"^ mol) was used in 
place of Bpy. The polymerization was conducted at 130° C. 
for 5.5 h. The polymer was obtained in 85% yield. The 
20 M„ sE^c- 19300 was in good agreement with the M„ of 
21,100. The obtained polymer had an MJM^ of 3.0. ' 

Example 10 

Poly(methyl acrylate), PMA, was prepared according to 
the procedure of Exan4>le 3, exc^t that 1.45 grams of MA 
were used, a,a'-dibromoxylene (4.4x10"' mol) was used in 
place of 1-PECl, Cu(I)Br (8x10"' mol) was used in place of 
Cu(I)Cl, and Bpy was present in a molar amount of 2.5x10"* 
mol. The polymerization was conducted at 80° C, f<a" 36 h. 
^ The polymer was obtained in 90% yield. The M,/M„^c7 
31,000 was in very good agreement with the M„^;^ of 
29,500, The obtained polymer had an MJM^ of 1.2. 
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Example 11 

Poly(methyl acrylate), was prepared according to flie 
procedure of Example 10, except that 0.48 g of MA were 
used, 2-mediylbromopropionate 1.47xl(r' moi) was used in 
place of a,a*-dibromoxylene, Cu(I)Br was used in an 
^ amount of 1.47x 10'' mol, and Bpy was present n a molar 
amount of 4,5x10"' moL The polymerization was conducted 
at 100° C. for 15 h. The polymra^ was obtained in 95% yield. 
The M„^c of 29,5(X) was in very good agreement with the 
M„ of 3 1,000. The obtained polymer had an M„/M„ of 
1.15. 
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Example 12 



Poly (methyl methacrylate), PMMA, was prepared 
according to ^e procedure of Example 3, exc^t that 0.5 g 

50 of MMA were used, 0.5 ml of ethyl acetate was employed 
as a solvent, 2-ethyl bromoisobut^^te (2.5x10"' mol) was 
used in place of 1-FECl Cu(I)Br (1.5x10"' mol) was used in 
place of Cu(I)Cl, and Bpy was present in a moW amount of 
4.5x10"' mol. The polymerization was conducted at 1(X)° C. 

55 for 1.5 h. The polymer was obtained in 95% yield. The 
M„ sEa of 20,500 was in excellent agreement with the M„ ,^ 
of i9,000. The obtained polymer had an MJi>A„ of 1.40. 

Sample 13 

60 Polyisoprene was prepared acceding to the procedure of 
Example 3, except that 0.45 g of i5(^)rene was used in place 
of St, 3.77x10"' mol of l-PEQ was used, 3.9x10"' mol of 
Cu(I)Cl was used, and Bpy was present in a molar amount 
of 1.2x10"^ mol. The polymerization was conducted at 130° 

65 C. for 45 h. The polymer was obtained in 80% yidd. The 
^njsBc of 12,700 was in agreement with the M^j^ of 93(K). 
The obtained polymer had an Mn/M„ of 2.0. 
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A PSt~b-PMA block copolymer was produced according 
to the procedure of Example 3, except that 0,5 g of PSt-Cl 
(M^=4,000, M^„=:1.45) was used in place of 1-PECl as 
the initiator, 1 .0 g of MA was used as the monomer, Cu(T)Cl 
was present in a molar amount of 1.25x10"^ mol and Bpy 
was present in a molar amount of 3.75xl0~^ moL The 
polymerization was conducted at 130*^ C. for 5 h. TTie 
polymer was obtained in 95% yield. The M^^.^^^ of 13,000 
was in good agreement with the M„^^ of 11,600. The 
obtained polymer had an M JM„ of 1.35. 

Example 15 

A PSt-b-PMA-b-PSt triblock copolymer was produced as 
follows. To a flask equipped with a water condenser and a 
magnetic stirring bar, the initiator a.a'-dibromoxylene 
(IxlQ-^ mol), CuBr (2x10"^ mol), Bpy (6x10"^ mol), MA 
(3 g) and EtOAc (10 ml) were added. Argon was then 
bubbled through the solution, and the solution was heated at 
100° C. for 18 h. One ml of solution was withdrawn using 
a syringe and was analyzed by gas chromatography (GC) 
and SEC to determine the monomer conversion and M„, 
respectively PMA was obtained in 100% yield. The M^^^^^ 
of 30,500 was in excellent agreement with the M^ a^. of 
30.000, and the MJM„ of the PMA was 13, 

Styrene ( 1 g) was added to the PMA reaction solution, and 
tiie mixture was heated at 100'' C. for 18 h. The triblock 
polymer was obtained in 100% yield. The M„^^c- of 42,000 
was in excellent agreement with the M„^ of 40,000, and the 
triblock polymer had an M„/M„ of 1.45. 

Exan^le 16 

A PMA-b-PSt block copolymer was prepared according 
to the procedure of Example 3, except that 0,5 g of PMA-Cl 
(M„=2,000, M^„=1.30) was used in place of l-PEQ as 
the initiator, 1,0 g of MA was used as the monomer, Cu(I)Cl 
was present in a molar amount of 2.5x10"^ mol and Bpy was 
present in a molar amount of 7.5x10^ mol. The polymer- 
ization was conducted at 130° C, for 10 h. The polymer was 
obtained in 90% yield. The M^^j^^ of 11^00 was in excel- 
lent agreement with the M„ ,fc of 11,000, The obtained 
polymer had an M,/M„ of 1.29. 

Example 17 

A random P(St-co-MA) copolymer was prepared accord- 
ing to the procedure of Example 3, except tiiat mixture of M 
(0.48 g) and St (0,45 g) was used as comonomers, 1-PECl 
was used in an amount of 3 pL (2.26xl0~^ mol), Cu(l)a was 
used in an amount of 2,22x1 0~^ mol and Bpy was present in 
a molar amount of 6.5x10"' moL The polymerization was 
conducted at OO** C for 5 h. The polymer was obtained in 
95 % yield. The M„^^ec of 39,000 was in excellent agreement 
with the M„^ of 39,100. The obtained polymer had an 
MJM„ of 1.45, 

The con^>osition as determined by *H NMR contained 
43% MA, and 52% St. 

Exan^le IB 

A random P(St-co-MMA) copolymer was prepared 
according to the procedure of Example 17, excq>t that 
mixture of MMA (0,45 g) and St (0.45 g) was used as 
comonomers, 1-PEBr (3 pL, 2.2x10^' mol) was used in 
place of 1-PECl, Cu(I)Br (2.0x10'"^ mol) was used in place 
of Cu(I)Cl and Bpy was present in a molar amount of 
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4.5xl0~~^ mol. The polymerization was conducted at 100° C. 
for 14 h. The polymer was obtained in 90% yield. The 
M„ xM!-r-of 38,000 was in exceUent agreement with the M^g,^ 
of 36,900. The obtained polymer had an MJM^ of 1.55. 

Example 19 

A six arm star PMA polymer was prepared according to 
the fnrocedure of Example 3, except that C*(CH2Br)e^ 
(1x10"^ mol) was used in place of 1-PECi, MA (1 ml, 0.96 
g) was used as the monomer, CuBr (1.8xl0~^ mol) was used 
in place of Cu(I)Cl. and Bpy was present in a molar amount 
of 5.8xl0~^ mol. The polymerization was conducted at 110° 
C. for 45 h. The polymer was obtained in 100% yield. The 
^n,sEc 9,600 was in perfect agreement with the of 
9,600, The obtained polymer had an M^yM„ of 2,0, 

Example 20 

A six-arm star PSt polymer was prepared according to the 
procedure of Example 3, except that 1.53x10"^ mol of 
C^(CH2Br)6 was used in place of 1-PECl. The polymer was 
obtained in 90% yield. The M^jsec of 24,100 was in close 
agreement with the M„ of 26,800, The obtained polymer 
had an MJM„ of 1.25. 

Example 21 

An end-functional PSt having a COOH end group was 
prepared according to the procedure of Example 3, exc^t 
that 2-chloropropionic add (1.74x10"' mol) was used in 
place of 1-PECl, and the reaction was conducted for 14 h. 
The polymer was obtained in 50% yield, and had an M^^^f= 
39,600 and an M^„=1.45. 

Exan^le 22 

A telechelic PMMA with two Br end groups was prepared 
at 100*" C. in ethyl acetate accoording to the procedure of 
Example 3, except that 1.00x10^ mol C6H4(CH2Br)2 was 
used inpl^e of 1-PECL 0.5 g of MMA was used, 2.00x10"^ 
mol of CuO was used, and 5.2x10"^ mol of Bpy was present 
The polymer was obtained in 100% yield after 8 h.. The 
^luSEc of 4,800 was in close agreement with the M„ of 
5,000. The obtained polymer had an M,^„ of 135. ' 

Example 23 

HBr abstraction (by known mi^ods) of the Br-functional 
PMMA produced in ExanQ)le 22 can lead to a telechelic 
(co)polymer with olefinic end groups, from which a telech- 
elic (co)polymer with primary alcohol end groups can be 
formed by sequential hydrot>oration/oxidation (by known 
methods). Nitration/reduction (by known methods) gives the 
corresponding amine-ended telechelic (co)polymer 

A Br-ended telechelic (co)polymer (**Br-P„-Br") can be 
converted to other groups in one or two step as follows: 



Br— P„— Br 



NaNj 



^ N3— P„— N3 



NC— P,— CN 



60 



l)CH3COOK 

TT^SSR 



^ HO— P,— OH 



BiCHizCHs — Pji — CHiCHiBr 



~2HBr 



^ I^=CH— P„— CH=CH2 
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Example 24 

An end-functional and in-chain functional PSt with two 
Br end groups and two central Br groups was prepared at 
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100° C. according to Ihe procedure of Example 3, except that 
0.900x10"^ mol of CBr^ was used in place of l-PEQ, 0.5 g 
of St was used, 1.5x10"^ mol of CuCl was used, and 
3.2x10"^ mol of Bpy was present. The polymer was 
obtained in 90% yield after 20 h. The M^^^- of 4,500 was 
in agreement with the M„ of 5.000. The obtained polymer 
had an M,yM„ of 1.45. The obtained polymer can be 
converted to any of the otha* four functional PSt's according 
to the procedures described in Examfde 23. 

A number of ArRP*s of styrene using transition metal 
complexes other than CuCl/Bpy are summarized in Table 8, 
and a number of ATRP's of methyl methacrylate using 
transition metal complexes odier than CuQ/Bpy are sum- 
marized in Table 9. 



3.548 

40 

2. The process of claim 1, wherein the amounts of said 
monomer(s), said initiator, said transition metal compound 
and said ligand are such that growing radicals are present 
during said polymerizing in a concentration in the range of 

^ from 10~^ mol/L to 10~^ mol/L, and dormant polymer chains 
are present during said polymerizing in a concentration in 
the range of from 10^ mol/L to 1 mol/L. 

3. The process of claim 2, wherein the concentration of 
10 said growing radicals is from 10~® mol/L to 10~^ mol/L. 

4. The process of claim 2. wherein the concentration of 
said dormant polymer chains is from 10~^ moJ/L to 1 mol/L. 

5. The process of claim 1, wherein said monomer(s) are 
of the formula: 



TABLE 8 



St ATRP in the Presence of Otbcr -a-ansitioD Metal Comple»s Other Than CuCVBuv 



lohsator 


Mt 


L 


Temp. 


time 










M 


M 


M 


'C. 


h 


conv. 


Mmth 


Mn,SEC 


Mw/Mn 


AIBN 


CuC12 


Bpy 


130 


33h 


0.85 


7500 


6100 


2.7 


0,1 IM 


0.076M 


0-38 














1-PECl 


FeC12 


(EtO)3P 


130 


5.5 


0.85 


21100 


19300 


3.1 


0.075M 


0.075 


0-375 














1-PECl 


CuC]/CuC12 


Bpy 


130 


21 


0.80 


95500 


72500 


1.45 


0.0075M 


0.007SMr 


0.038M 














AIBN 


CuC12 


bpy 


130 


21 


0.90 


25000 


18500 


1.8 


0.034M 


0.06 


0-14 














AIBN 






130 


21 


0.6 




544000 


4,50 


0.034 


















1-PECl 


RilC12(PPh3)3 




130 


13 


0,9 


18400 


18300 


2.2 


0.044M 


0.037M 

















TABLE 9 



MMA ATRP in the Presence of Other Transition Metal Complexes Other Than CuCI/Bpv 



Initialor 
(M) 


Mt 

(M) 


L 

(M) 


Temp. 

rc.) 


time 
hr 


conv. 


Mn,th 


Mn,SEC 


Mw/Mn 


2-CIEPN 


FeC12 


PPh3 


130 


5 


0.85 


8460 


63100 


2.1 


0.047M 


0.021M 


0.073 














2-CIEPN 


FeC12 


PPh3 


130 


5 


0.80 


8000 


65100 


1.8 


0.047M 


0.042 


0.14 














2-ClEPN 


FeC12 


PPh3 


130 


5 


0.85 


8500 


38600 


1.76 


0.047M 


0.047 


0.28 














2-CIEPN 


FeC12 


PPh3 


130 


5 


0.90 


8700 


71700 


2.1 


0.047M 


0.084 


0.3 















What is claimed as new and is desired to be secured by 
Letters Patent of &e United States is: so 

1. A controlled firee radical polymerization process, of 
atom or group transfer radical polymerization, conqmsing 
the steps of: 

radically polymerizing one cm* more radically (co) 

Eolymenzable monomers in the presence of an initiator 
aving a radically transferable atom or group, and a 
catalyst system comprising a transition metal com- 
pound whidi participates in a reversible redox cycle 
with said initiator or a dormant polymer chain end, and 
a ligand to form a (co)polymer, and the ligand being 
any 0-, P- or S- containing compound which can 
coordinate in a a-bond to the transition metal or any 
carbon-containing compound which can coordinate in a 
7i-bond to the transition metal, such that direct bonds 
between the transition metal and growing polymer 
radicals are not formed, wherein said transition metal 
compound and said ligand are matched with one 
another in order to provide reaction with said initiator 
to revorsibly generate a radical. 



c=c 

wherein and are independently selected from the 
group consisting of H, halogen, CN, CF3, straight or 
branched alkyl of from 1 to 20 carbon atoms, a,p- 
un saturated straight or branched alkenyl or alkynyl of 
2 to 10 carbon atoms, a,p-unsaturated straight or 
branched alkenyl of 2 to 6 carbon atoms substituted 
with halogen, C3— Cg cycloalkyl, phenyl which may 
optionally have from 1 to 5 substituents on the phenyl 
ring selected from the group consisting of Cj-Cg-alkyl, 
Ci-6-alkenyl, Ci-Cg-Skoxy, halogen, nitro. carboxy, 
C^-Q-alkoxy carbon yl, hydroxy protected with a 
Ci-Ce-acyl, cyano and phenyl, heterocyclyl, C(=Y) 
r5, C(=Y)NR^^, YCR^R^R* and YC(=Y)R«; where 
Y may be NR^ or O; R^ is alkyl of from 1 to 20 carbon 
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atoms, alkoxy of from 1 to 20 carbon atoms* aryloxy or 
heterocyclyloxy; and R''' are independentiy H or 
alkyl of from 1 to 20 carbon atoms, or R*^ and R' may 
be joined together to form an alkylene group of from 2 
to 5 carbon atoms, thus farming a 3- to 6-membered 
ring; and R* is H, straight or branched C1--C20 alkyl or 
aryl; and 

R^ and R"* are independently selected from the group 
consistii^ of H, halogen. Ci-Ce alkyl and COOR^, 
where R^is H, an alkali metal* or a Cx-Cg alkyl group; 
or 

R^ and R^ may be joined to form a group of the formula 
(CH2)„- or a group of the formula C(=0) — — C 
(=0). where n' is from 2 to 6, the group (CHjX- may 
be substituted with from 1 to 2n' halogen atoms or 
Ci~C4 alkyl groups, and Y is as defined above; and 

at least two of R^, R^, R^ and R"* are H or halogen. 

6. The process of claim 1, wherein said initiator is of the 
formula: 

where: 

X is selected from the group consisting of CI, Br, I, OR*°, 
0P(==O)R'*, 0P(=0) (OR'^)2 



10 



15 



20 



SR^ 



SeR* 



OP(=0)OR^'*, O— N(R*^)2 and S— <=S)N(R^^)2, 
whore R^q is alkyl of from 1 to 20 carbon atoms in 
i^di eadi of the hydrogen atoms may be indepen- 
dently replaced by halide^ R^"^ is aryl or a straight or 
branched C1-C20 allsyl group, and where an N(R^'^)2 
group is present the two R*'* groups may be joined to 
form a 5- or 6-membered heterocyclic ring; and 

R*^, R^^, and R^^ are each independently selected from 
the group consisting of H, halogen^ Ci-C^o alkyl, 
Ca-Cg cycloalkyl, X(=Y)R^, C(=Y)NR*R\ COCl, 
OH, CN, C2-C20 alkenyl, C2-C20 aJkynyl oxiranyl, 
glycidyU aryl, heterocyclyl, aralkyl, aralkenyL Ci-Cg 
alkyl in which from 1 to all of the hydrogen atoms are 
replaced with halogen and C^-C^ alkyl substituted with 
fix)m 1 to 3 substituents selected from the group con- 
sisting of alkoxy, aryl, heterocyclyl, CX—Y) R, 
C(=Y)NRTl'^, oxiranyl and glycidyi; 

where R^ is alkyl of from 1 to 20 carbon atoms, alkoxy of 
from 1 to 20 carbon atoms, aryloxy or heterocyclyloxy; 
and R6 and R^ are independently H or alkyl of from 1 
to 20 carbon atoms, or R"^ and R'' may be joined 
together to form an alkylene group of from 2 to 5 
carbon atoms, thus forming a 3- to 6-membered ring; 
such that no more than two of R^S R*^ and R^^ are H. 

7. The process of claim 6, wherein no more than one of 
R'' R'^ and R^^ is H, 

8. The process of claim 1, wherein said transition metal 
compound is of ttie formula M,''^^, where: 

M/*"*" may be selected from the group consisting of Cu*"*", 
Cu^^, Fe^^, Fe=^, Ru^"", Ru^, O:^*, Cr^"^, Mo^", Mo^, 



W2+, w^, Mn^, Mn^, Rfa^, Rh*^, Re^^ Re^^, Co^ 

Ag*^ and Ag^^; 



, Zii*, Zn^, Au^ Au^ 
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Co^^, 

X* is selected from the group consisting of halogen, 
Cx^Ce-alkoxy, (804)1,2^ (P04)i/3, (R'^P04)i/2. 
(R^'^jPO^), triflate, hexafluorophosphate^ 
methanesulfonate, arylsulfonate, CN and R^^CO^* 
where R^^ is H or a straight <x branched C1-C5 alkyl 
group which may be substituted from 1 to 5 times with 
a halogen; and 

n is the formal charge on the metal (0^n^7). 

9. The process of claim 1, wherein said ligand is selected 
from the group consisting of: 

compounds of the formulas: 
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where: 

R** and R^^ are independently selected from the group 
consisting of H, C1-C20 alkyl, aryl, heterocyclyl and 
C^-C^ alkyl substituted with Ci-Cg alkoxy, Ci~C4 
dialkylamiiK), C(=YR^, C(=Y)R'^^ and YC(=Y) 
R®, whore Y may be NR^ or O; R^ is alkyl of from 
1 to 20 carbon atoms, alkoxy of from 1 to 20 carbon 
atoms, aryloxy or heterocyclyloxy; R* and R' are 
independently H or alkyl of from 1 to 20 carbon 
atoms, or R^ and R'' may be joined together to form 
an alkylene group of from 2 to 5 carbon atoms, thus 
forming a 3- to 5-membered ring; and R^ is H, 
straight or bram^ted Ci-C^o alkyl or aryi; 
Z is O, S, NR^^ or PR*^, where R^^ is selected from the 

same group as R^* and R and where Z is PR^*', R*^ 

can also be Ci-Cjo-alkoxy; 

each R18 is independently a divalent group selected 
from the group consisting of C3-C3 cycloalkanediyl, 
C3-C8 cycloalkenediyl, arenediyl and heterocy- 
clylene where the covalent bonds to each Z are at 



vicinal positions, and 



alkylene and C2-C4 



alfcenylene where the covalent bonds to each Z are at 
vicinal positions or at ^positions; and 
m is from 1 to 6; 
con^unds of the above formulas where R^^ and R^"^ can 
be joined to form a saturated, unsaturated or heterocy- 
clic ling; 

confounds of the above fcnmilas where each of R^^ — Z 
and R^'', fcMm a ring with the R^* group to which the 
Z is bound to fcim a linked or fused heto'ocyclic ring 
system; 

compounds of the above formulas where one or both of 
R^^ and R^'' are h^erocyclyi, and in which Z is a 
covalent bond, CHj or a 4- to 7-menibered ring fused 
to R^^ or R*^ or both; 

CO; 

porphyrins and porphycenes, which may be substituted 
with from 1 to 6 halogen atoms, C^-C^ alkyl groups, 
Cx-Cg-alkoxy groups, Cj-Cg alkoxycarbonyl, aryl 
groups, heterocyclyl groups, and Cj-C^ alkyl groups 
further substituted witfi from 1 to 3 halogens; 
compounds of the formula R^^ ^C(C(= Y)R^)^ where Y 
and R^ are as defined above, and each of R and R^* 
is independently selected from the group consisting of 
H, halogen, Cj-Cao alkyl, aryl and heterocyclyl, and 
R^° and R^^ may be joined to form a Cg-Cg cycloalkyl 
ring or a hydrogenated aromatic or heterocyclic ring, 
any of which (except for H and halogen) may be further 
substituted with 1 to 5 C^-C^ alkyl groups, Cj-C^ 
alkoxy groups, halogen atoms, aryl groups* or combi- 
nations thereof; and 
arenes and cyclopentadienyl ligands, where said cyclo- 
pentadienyl ligand may be substituted with from one to 
five methyl groups, or may be linked through an 
ethylene or propylene chain to a second cyclopentadi- 
enyl ligand. 

10» The process of claim 1, wherein the initiator is present 
in a concentration of from 10"^M to IM. 

11. The process of claim 1, wherein the initiator and 
60 moDomer(s) are present in amounts providing a molar ratio 

of from 10"^: 1 to 10"^: 1 of initiatcr to monomer(s). 

12. The process of claim 1, wherein the transition metal 
compound is present in an amount providing a molar ratio of 
transition metal compound to initiator of from 0.001:1 to 

65 10:1. 

13. The process of claim 1, wherein the ligand is present 
in an amount providing a ratio of (a) coordination sites on 
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the transition metal compound to (b) coordination sites 
whidi the ligand will occupy of from 0.1:1 to 100:1. 

14. The process of claim 1« wherein the monomer^ 
initiatcr, transition metal compound and ligand are selected 
such that (a) the rate of initiation in said polymerizing step 5 
is not less than 1,000 times slower than (b) the rate of 
propagation in said polymerizing step or of transfer of the 
radically transferable group to the polymer radical. 

15. The process of claim 1, wherein at least cme of said 
monomers are of the formula: lO 

c=c 

/ \ 

R4 15 
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wherein at least one of , R^^ R^ and R'* are selected from 
the group consisting of Halogen and YC(=Y)R®; 
where Y may t>e NR* or O, and is H, straight or 
branched Ci-C^o alkyl or aryl; and 

said process further comprises a second polymerizing step 
using one or more additional radically (co) 
polymerizable monomers.^ conducted in the presence of 
said transition metal compound and said ligand. such 
that (a) the rate of initiation in said polymerizing step 
is not less than 1,000 times slower than (b) the rate of 
propagation in said polymerizing step or of transfer of 
the radically transferable group to the polymer radical. 

16. The process of claim 15, wherein at least one of R^, 
R^ and R'* are chlcnine or bromine. 
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Effect of Viscosity in the Radical Polymerization 

of Acrylic Acid in the Presence of Poly(4-Vinylpyridlne) 

in Methanol 

Kiyohisa Fiijfmori and Gregory T. TVatnor 

Department of Chemistry, University of New England. Armldale. N.SW.t 2351, Australia 

SUMMARY 

Acrylic acid (AA) forms a 1:1 hydrogen-bonded complex with the 
repeating unit of poly (4-vinylpyridine) {P4VP) in dilute solution 
of methanol, The rate enhancement of the polymerization of AA in 
the presence of P4VP in methanol coincided with the viscosity 
change of the same system. 

INTRODUCTION 

It is known that the rate of radical polymerization of hydro- 
gen bonding monomers are enhanced by the presence of interacting 
polymers. The effect of the added interacting polymers has been 
interpreted as the template effect where the aligned complexed mon- 
omer molecules on a template polymer are "zipped-up" in the propag- 
ation resulting in an increased rate of polymerization (FERGUSON and 
SHAH, 1968a, 1968b; BAMFORD, 1968, 1980), and as the matrix effect 
where the environments created by the domain of the added polymer 
influences the polymerization (MURAMATSU and SHIMIDZU, 1972). The 
polymer molecules are dispersed separately in a dilute solution 
forming individual polymer domains while in a concentrated solution 
1:he polymer molecules come to contact each other more closely form- 
ing a much larger polymer matrix. Therefore, the definition of the 
polymer domains created by the added polymer is desired in addition 
to other information such as the chemical reactivity (NIKOIAYEV and 
GALPERIN, 1967) and the quantity (the equilibrium constant of the 
complexation) (ENDO and OKAWARA, 1972) of the complexed monomer in 
order to consider the effect of added polymer. The initial rate 
of radical polymerization of acrylic acid (AA) in the presence of 
poly (4-vinylpyridine) (P4VP) in methanol solution is considered in 
relation to the viscosity of the system. 

EXPERIMENTAL 

Reagent grade AA (Tokyo Kasei) was distilled and fractionally 
crystallized. 4-Vinylpyridine (4VP) (Fluka) and solvents were 
fractionally distilled and 2 , 2 • -azobisisobutyronitrile (AIBN) 
(T.K.) was recrystallized from methanol. P4VP was prepared in 
CHCl with AIBN and purified by reprecipitating in diethyl ether.. 
It was further extracted with diethyl ether in a Soxhlet appara- 
tus for 4 days. The average molecular weight of the P4VP was 
measured to be 2.90 x 10^ with a Ubbelohde type viscometer in 



ethanol/water (92/8 by weight) mixed solvent at 25^C according to 
the equation M » CiC)^, where K « 1.20 x lO'^ cra^/g and a - 0.73 
(BOYES and STRAUS, 1956). 

Polymerization of AA was carried out in glass ampules of cap- 
acity about 15 an^. The reaction mixture was degassed by the 
freeze-- thaw method and sealed under high vacuum. The conversion 
was measured by bromometry (LUCAS and PRESSMAN, 1938) ; the poly- 
merization mixture was quantitatively dropped to 2 M HaOH to prec- 
ipitate the added P4VP and the filtered solution was brominated and 
titrated in the dark. Duplicate titrations were performed for each 
polymerization mixture. For each polymerization system, blank 
titrations were performed with the same amount of P4VP. 

Perkin-Elmer infrared spectrophotometer Type 597 and a refract- 
ometer by Bellingham and Stanley (London) were used. 

RESULTS AND DISCUSSIOW 

In the infrared, the hydrogen bonded 0-H of AA at 2649 and^25- 
shifted toward the lower energy side by 169 and 135 cm 



75 cm 

respectively, in CHCl 
fraction of AA was 
pyridine] = 3.51 M (TABLE 1) . 



x^j.^ in the presence of pyridine when the mole 
0.2 at a constant total concentration of [AA + 



TABLE 1. 

The IR absorption of bonded 0-H 
of AA in CHCl, 



Mole fract- 
ion of AA 



CaA + Pyridine 3=3 ,51 M 



1.0 
0.8 
0.6 
0.4 
0.2 



2649 cm 
2560 
2490 
2480 
2480 

AvOH~169 cm""' 



2575 cm" 

2490 

2460 

2450 

2440 

AvOH=^135 cm""' 



The stoichiometry of comp- 
lexation between AA and the 
4VP unit of P4VP was found 
to be 1:1 in methanol at the 
concentration [AA + P4VP] = 
0.200 M by the Job's cont- 
inuous variation method (JOB, 
1928) as shown in Fig. 1. A 
1:1 complex between the acid- 
ic proton of AA and the nitr- 
ogen of the pyridine ring was 
considered to be formed in 
methanol. The following 
polymerization and the visc- 
osity measurements were 



Fig. 1. Continuous 
variation plot of the 
square of refractive 
index, n , versus 
mole fraction of AA. 
[AA + P4VP] = 0.200 M 
in methanol at 25 C. 



1.795 



1.790 



1.785 



0.5 

mole fraction of AA 



1.0 



carried out always in methanol at 60°C at equimolar and 4VP unit 
concentrations . 
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The initial rate of the polymerization of AA was found to be 
proportional to 0,51 order of the AIBN concentration in the pres- 
ence of P4VP at the equimolar concentration of [AA] = [P4VP] = 
0.0600 M as shown in Pig. 2;, The termination may be regarded to 
be largely bimolecular reactions of the growing radicals at this 

Fig. 2. Dependency of 
rate, R , on the init- 
iator cSncentration in 
the presence of P4VP. 
[AA + P4VP 3=0, 0600 M 
in methanol at 60 C* 




a 



-2.6 -2.2 
logCAIBN], M 

relatively small concentration of P4VP. 

In the Fig. 3, the observed rate was plotted against the con- 
Fig, 3. Relation 
between the rate of 
polymerization and 
monomer concentra- 
tion . In methan- ^ 
ol, 60°C. (a) ;g 
with 4.00 mole 
of AIBN to AA 
monomer. (b) 
with [AIBN] = 
4.00x10'^ M 
M (of p4VP)= 
2:90x10*. 



% 




4 dP 



2 ^ 

PQ 



0.6 

M 



0.8 



0 0,2 0,4 

[AA] = [P4VP], 

centration of AA in the presence of equimolar P4VP . The effect 
of the matrix concentration on the rate was examined in two ser- 
ies of experiments In the plot a, the polymerization was carr- 
ied out by using 4;*00 mole % of AIBN with respect to the amount of 
AA and in the plot b, the molar concentration of AIBN was kept 
constant to be [AIBN] » 4.00 x 10'^ M. In both cases enormous 
rate enhancement was observed across the matrix concentration of 
0.2 M and the rate became approximately pseudo-zero-order with 
respect to the monomer concentration after this critical concent- 
ration region of P4VP. 

On the other hand, as shown in Fig. 4, the reduced viscosity 
of P4VP measured at 60 C suddenly became large at [P4VP] = 0.4 M in 
methanol indicating that the polymer molecules commenced forming 
larger matrix , When equimolar AA monomer to 4VP unit of the P4VP 
was present, the enhancement of the viscosity was observed in much 
dilute solution in P4VP at about 0.2 M. It is considered that 



Fig, 4. The ^ 
reduced viscosity 
of P4VP solution 
( D ) and of 
equimolar AA and 
P4vp solution 
( • ) in methanol 
at 60^C. ii ^ ^0 
(of P4VP) «^ g 
2.90 X lo"*. ^\ 



o 

J^2Q 



01 I I I I 1 u- 

0 0.2 0.4 0,6 

[P4VP3, M 

when the concentration of P4vp is sufficiently small, both a grow- 
ing AA radical complexed to a p4VP molecule and uncomplexed AA 
monomer molecules can move relatively freely. However, it is 
possible that the termination reactions become significantly re- 
tarded when the continuous polymer matrix begins to prevail be- 
cause the growing AA chain is complexed on the P4VP matrix and the 
mobility of the matrix becomes increasingly limited resulting in 
the rapid increase of the rate* In more concentrated solution of 
P4VP the system is filled with extensive polymer matrix and the 
monomer may move much slowly due to the complexation with the mat- 
rix, thus retarding the propagation significantly. The balance of 
retarded termination and propagation reactions that would occur at 
large matrix concentrations might have resulted in the pseudo- zero- 
order dependency of the rate on the monomer concentration. This 
experiment demonstrated that the rate enhancement was closely re- 
lated to the viscosity of the polymerization system in the presence 
of interacting polymer. 
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